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Estimates of abundance are critical to manage and conserve waterfowl and their
habitats. Most surveys of wintering waterfowl do not use probability sampling; therefore,
development of more rigorous methods is needed. In response, I designed and evaluated
an aerial transect survey to estimate abundance of wintering ducks in western Mississippi
during winters 2002–2004.
I designed a probability-based survey using stratified random and unequal
probability sampling of fixed-width transects. To correct for visibility bias inherent in
aerial surveys, I conducted an experiment to model bias and incorporated correction
factors into estimation procedures to produce adjusted estimates.
Bias-corrected estimates were most accurate. Precision of abundance estimates of
total ducks met a priori goals (CV ≤ 15%) in 10 of 14 surveys. Based on a simulation

study, the implemented survey design provided the most precise estimates, yet certain
refinements remained possible.
I also illustrated potential applications of survey results in the context of
conservation and management of wintering waterfowl populations and habitats. I
described patterns of abundance within and among winters, including a comparison with
surveys conducted during winters 1988–1990 that revealed mallard abundance decreased
65% from the late 1980s. I developed a method to illustrate population abundance
spatially for scientific and public education. I attempted to explain temporal variation in
abundance estimates relative to variables potentially representing hypotheses explaining
regional distributions of ducks. I concluded the data provided stronger support for factors
related to energy conservation by ducks than factors related to energy acquisition.
Finally, I determined associations between duck distributions and habitat and landscape
features in accordance with the habitat-complex conceptual model. Landscapes with
greater interspersion and diversity of wetlands attracted increased numbers of ducks,
although other factors such as wetland area also were important.
I concluded that this study advanced methodologies to survey wintering
waterfowl. Although improvements were warranted, I recommend this survey design for
continued monitoring of wintering ducks in western Mississippi. Furthermore, I suggest
habitat management on public and private lands should include complexes of seasonally
flooded cropland, moist-soil, forested, and permanent wetlands to potentially increase
wintering duck numbers in western Mississippi.
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CHAPTER I
INTRODUCTION
Over fifty species of waterfowl are indigenous to North America, and in the late
1990s, the U.S. Fish and Wildlife Service (USFWS) estimated there were more than 100
million waterfowl during fall migration (Bellrose 1980, U.S. Fish and Wildlife Service
2003, Baldassarre and Bolen 2006). Due to great species diversity, abundance, and
importance as game birds, North American waterfowl are valuable ecological and
economical resources. Thus, waterfowl management should be based on sound science
and reliable knowledge (Romesburg 1981, Nichols et al. 1995). Effective conservation
and management of waterfowl are challenging due to the extent of the birds’ annual
ranges and reliance on habitats greatly impacted by humans (e.g., wetlands, grasslands).
Nevertheless, stewards of waterfowl resources can claim many conservation
achievements, most notably the North American Waterfowl Management Plan − a
continental strategy designed to conserve habitats for breeding, migrating, and wintering
waterfowl (U.S. Department of the Interior and Environment Canada 1986). Still, many
challenges face waterfowl managers and researchers, including conservation of critical
habitats and sound management of waterfowl hunting seasons.
Waterfowl habitats in North America extend from breeding habitats of the Arctic
in Canada and Alaska to wintering grounds in central Mexico (Bellrose 1980, Baldassarre
and Bolen 2006). Researchers have concluded that events during the breeding season
1

greatly influence population trajectories of mallards (Anas platyrhynchos) and possibly
other species of waterfowl (e.g., Cowardin et al. 1985, Hoekman et al. 2002). Although
the breeding season is crucial, most species of waterfowl are migratory and do not
complete their life cycles on breeding grounds. Correlations between recruitment indices
and quality of winter habitats have been reported, suggesting the importance of wintering
grounds and ecology to survival and fitness of waterfowl (Heitmeyer and Fredrickson
1981, Nichols et al. 1983, Kaminski and Gluesing 1987, Raveling and Heitmeyer 1989).
Hence, waterfowl managers should conserve wetland habitats in key areas along
migration routes and on wintering grounds to sustain waterfowl populations in North
America (U.S. Department of the Interior and Environment Canada 1986, Smith et al.
1989, Lower Mississippi Valley Joint Venture Management Board 1990).
The Mississippi Alluvial Valley (MAV) is an important wintering region for
waterfowl in mid-continent North America (Reinecke et al. 1989). Public and private
conservation organizations and individuals are concerned with securing and improving
wetland habitats in the MAV. To date, most habitat conservation and management on
private lands has been conducted opportunistically where wetlands were available and
landowners were cooperative (Zekor and Kaminski 1987). To conserve waterfowl
habitats effectively on wintering grounds, conservation planners need additional
information regarding spatial and temporal variation in waterfowl abundance, habitat use
and selectivity, and influences of landscape features on distribution. Knowledge of these
ecological patterns and relationships may lead to prioritization schemes to conserve
habitat in the MAV and elsewhere in effective and cost-efficient manners.
2

A strong tradition of waterfowl hunting exists in the United States, especially in
the Mississippi Flyway. To sustain harvestable populations of waterfowl, the USFWS
sets harvest regulations each year based on a system named Adaptive Harvest
Management (AHM; Williams et al. 1996). Under this system, the USFWS sets season
guidelines, and individual states select specific regulations within those options regarding
bag limit, season length, and opening and closing dates. With reliable estimates of
waterfowl abundance and distribution in Mississippi during winter, the Mississippi
Department of Wildlife, Fisheries, and Parks (MDWFP) could use this information to set
hunting seasons during times when waterfowl are most abundant, thus possibly
enhancing recreational opportunities for the public.
Wildlife researchers and managers have used aerial surveys extensively to
estimate abundance of many species of wildlife (Norton-Griffiths 1975, Caughley 1977).
State and federal agencies currently participate in 2 large-scale surveys to quantify
numbers of waterfowl in North America (i.e., breeding-ground surveys and the midwinter inventory; Martin et al. 1979). Breeding-ground surveys estimate numbers of
breeding waterfowl and wetlands, which are used in AHM models to generate season
length and bag limit options. The mid-winter inventory provides indices of waterfowl
abundance and distribution on the wintering grounds, but data are not used to determine
hunting regulations because the survey does not have a defined sampling design
(Reinecke et al. 1992), does not follow similar methodologies among participating states
(Eggeman and Johnson 1989), and makes some tenuous assumptions (e.g., the same
proportion of the population is counted each year). Given these deficiencies, rigorous
3

methods were needed to provide reliable data on winter populations and their
distributions.
When developing large-scale wildlife surveys, scientists incorporate 2 concepts
into survey design and procedures – sampling and detectability (Pollock et al. 2002,
Lancia et al. 2005). Logistics and budgets usually preclude a complete census of target
populations. Therefore, large study areas must be partitioned into smaller units, and a
portion of them chosen and surveyed using appropriate sampling strategies. Parameter
estimates derived from this process are accompanied by sampling error (i.e., variability
resulting from taking a sample instead of surveying the entire population). Past research
has suggested that precise estimation of wintering waterfowl population indices is
possible at large spatial scales using aerial surveys, but such surveys generally have not
become operational (Conroy et al. 1988, Reinecke et al. 1992). Two key shortcomings of
previous research were imprecise estimates for sub-regions within larger physiographic
regions (e.g., MAV within Mississippi; Reinecke et al. 1992) and lack of effort or ability
to estimate precisely abundance of multiple species (Conroy et al. 1988, Reinecke et al.
1992, Eggeman et al. 1997). Thus, research was needed to determine if precise
estimation of waterfowl abundance was possible for smaller areas and multiple species or
groups of related species (e.g., dabbling ducks, diving ducks).
Observers do not detect all animals during aerial surveys (Caughley 1974).
Ignoring imperfect detectability (i.e., visibility bias) causes estimates of abundance to be
biased negatively. Therefore, survey practitioners must determine the probability of
detecting individuals and adjust estimates accordingly. Smith et al. (1995) reported that
4

many factors influenced the visibility of wintering ducks in the MAV, yet they did not
provide methods to integrate correction factors into estimation procedures. An estimation
technique that incorporates sampling and detectability would be an important step toward
development of reliable aerial surveys for wintering waterfowl.
Local, regional, and continental estimates of waterfowl abundance are critical for
population and habitat conservation in North America. Waterfowl are managed despite
substantial uncertainty about limiting factors, but this uncertainty may be reduced by
improving monitoring procedures (Williams 1997). My primary research goal was to
refine a methodology that would provide defensible estimates of waterfowl abundance
and perhaps serve as a model survey protocol for other states interested in implementing
aerial surveys of migrating and wintering waterfowl. This approach would provide
precise estimates of wintering waterfowl abundance to help guide conservation of
wintering waterfowl habitat and management of hunting seasons. Therefore, my specific
research objectives were to:
1) Design and conduct aerial surveys to estimate abundance precisely (coefficient of
variation [CV] ≤ 15%) of wintering ducks (i.e., mallards [Anas platyrhynchos], other
dabbling ducks, diving ducks) in western Mississippi over 3 years (winters 2002–
2004).
2) Model variation in estimates of wintering waterfowl abundance in western
Mississippi in relation to selected covariates (e.g., regional and extra-regional
climatic conditions, area of flooded habitat).
3) Develop spatial data layers depicting distribution of wintering waterfowl from survey
data.
4) Evaluate precision and efficiency among sampling methods used to estimate
abundance of wintering waterfowl with empirical and simulated data.

5

5) Quantify habitat selection of wintering waterfowl by comparing used versus available
habitats (e.g., cropland, moist-soil, forested wetlands), and explore the effect of
landscape pattern on distribution and abundance of wintering waterfowl.
In Chapter II, “Estimation and Correction of Visibility Bias Associated with
Aerial Surveys of Wintering Ducks,” I describe an experiment and methodology to
estimate and correct for visibility bias related to detecting individuals during aerial
surveys. Development of this methodology partially addresses objective 1, and I use the
resulting methods in Chapters III & V. I address objectives 1–3 in Chapter III,
“Evaluation of an Aerial Survey to Estimate Abundance of Wintering Ducks in Western
Mississippi.” In this chapter, I evaluate performance of the survey protocol (objective 1)
and illustrate potential applications of survey data and results in the context of
conservation and management of waterfowl resources and habitats via a modeling
exercise to determine factors correlated with variation in abundance of ducks (objective
2) and depict distributions of wintering waterfowl using geographic information systems
(GIS) technology (objective 3). In Chapter IV, “A Comparison of Aerial Survey Designs
for Monitoring Mallard Populations in Western Mississippi,” I address objective 4 by
comparing multiple survey techniques to refine methods to estimate wintering mallard
abundance using simulated populations. In Chapter V, “Associations Between
Distributions of Wintering Dabbling Ducks and Landscape Features in Western
Mississippi”, I address objective 5 by describing non-spatial and spatially explicit
analyses to investigate effects of distribution and arrangement of habitats on waterfowl
distributions.
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CHAPTER II
ESTIMATION AND CORRECTION OF VISIBILITY BIAS ASSOCIATED WITH
AERIAL SURVEYS OF WINTERING DUCKS
Estimating abundance by aerial transect sampling has a long history and
prominent role in wildlife science and management (Norton-Griffins 1975, Caughley
1977), yet a fundamental concern when using aerial surveys is that some animals are not
seen by observers (Caughley 1974). Failure to detect all animals within a sampled area is
termed visibility bias, a primary source of error in aerial surveys (Pollock and Kendall
1987). Ignoring visibility bias leads to underestimates of abundance; therefore, survey
practitioners should recognize the existence of visibility bias when designing aerial
surveys and attempt to adjust estimates accordingly.
Numerous methods exist to correct visibility bias in aerial surveys, although no
method is best for all situations (Pollock and Kendall 1987). Simultaneous air and
ground surveys are a well-established method to correct for visibility bias in breedingground surveys of North American waterfowl (Martin et al. 1979, Smith 1995), but this
method is expensive and assumes ground surveys detect all individuals without error
(Martinson and Kaczynski 1967). A multiple-observer or removal method uses markrecapture models to estimate the proportion of individuals missed by observers (Cook and
Jacobson 1979). This method has undergone logistical and analytical refinements
(Pollock et al. 2006), but its implementation may be difficult when large numbers of
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individuals are present (Pollock et al. 1987). Sightability models apply correction factors
to observed groups of individuals based on estimated relationships between probabilities
of detection and group-specific covariates. Researchers have developed these models for
ungulate and waterfowl surveys (e.g., Samuel et al. 1987, Giudice 2001). Sightability
models can be less expensive to apply than other methods, but their use requires a
number of assumptions (e.g., closed population, independence of group detections,
groups are counted without error; Steinhorst and Samuel 1989, Giudice 2001).
Herein, I developed a sightability model to correct for visibility bias associated
with aerial surveys of wintering ducks. Local, regional, and continental estimates of
waterfowl abundance are critical for population and habitat conservation in North
America, yet rigorous surveys to estimate abundance of wintering waterfowl generally
have not become operational (Conroy et al. 1988, Reinecke et al. 1992). Previous
researchers have suggested heterogeneous visibility bias existed in aerial surveys of
wintering ducks (Johnson et al. 1989, Smith et al. 1995), but researchers attempting to
derive bias-corrected estimates have encountered logistical and analytical constraints
(Smith 1993). To address some of these problems, my objectives were to 1) develop a
general model to predict visibility bias of ducks during winter aerial surveys, and 2)
incorporate predicted detection rates into estimation procedures to generate estimates of
wintering waterfowl abundance corrected for visibility bias.
Study Area
My study sites were located in western Mississippi within the Mississippi Alluvial
Valley (MAV) physiographic region. The MAV is a continentally important region for
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migrating and wintering waterfowl in North America (Reinecke et al. 1989), covering 10
million ha and portions of 7 states (MacDonald et al. 1979). Historically, the MAV was
an extensive bottomland-hardwood ecosystem composed of various hard- and soft-mast
producing trees that provided important forage and other habitat resources for waterfowl
and other wildlife (Fredrickson et al. 2005). Extensive landscape changes occurred
during the 20th Century, and large portions of the MAV were cleared of trees and used for
agricultural production. This area in western Mississippi encompassed most of the MAV
within the state of Mississippi (1.9 million ha) and was bounded to the south and east by
the loess hills of the lower Mississippi River Valley and on the west by the Mississippi
River proper (Figure 2.1).
I conducted this experiment on 3 privately owned sites in northwestern
Mississippi (Figure 2.1): (1) Wild Wings duck club near Holcomb in Grenada County;
(2) Gumbo Flats duck club near Lambert in Quitman County; and (3) York Woods near
Charleston in Tallahatchie County. All 3 areas were managed for waterfowl hunting and
included habitats typically used by ducks during winter in the MAV (i.e., forested
wetlands, emergent herbaceous wetlands, and flooded croplands; Reinecke et al. 1989, A.
T. Pearse, unpublished data).
Methods
Field Survey Methods
I used data from an aerial waterfowl survey conducted in January 2004 to
demonstrate implementation of the bias-correction procedure. I developed this survey
methodology based on a stratified random sampling design (Chapter III). First, I
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delineated 4 strata using selected highways as boundaries among strata with the joint
objective of satisfying reporting needs of management agencies and separating areas
differing in mallard (Anas platyrhynchos) density (i.e., focal species) and available
habitat (Figure 2.1). Next, I delineated selected areas with greater expected mallard
densities as a fifth stratum from which I could select disproportionately large samples to
increase precision of population estimates. The fifth stratum included non-contiguous
portions of the first 4 strata (Appendix A). I allowed location, size, and shape of the fifth
stratum to vary conceptually and determined its final configuration before each survey
relative to current wetland conditions and expected density and distribution of mallards
(see Appendix A for specific configurations). I designated transects as the sample unit,
positioned transects in an east-west orientation, and placed them 250 m apart to create a
sample frame for the study area. Before each survey, I randomly selected transects with
replacement and probability proportional to length (Caughley 1977b, Reinecke et al.
1992). I allocated sample effort (i.e., cumulative length of transects) among strata using
the Neyman method, wherein sampling effort is proportional to stratum size and the
variability of mallard numbers among transects within strata (Cochran 1977).
I conducted surveys using methods similar to Reinecke et al. (1992). I contracted
with an experienced aerial service vendor to fly transects in a fixed-wing aircraft (i.e.,
Cessna 172; A. Nygren, Nygren Air Service, Raymond, Mississippi). The pilot navigated
transects using a global positioning system (GPS) receiver and flew at a constant altitude
of 150 m. The observer was seated in the right front seat and determined transect
boundaries with marks placed on the wing strut and window (Norton-Griffins 1975). I
recorded number of 1) mallards, 2) other dabbling ducks (e.g., northern pintail [A. acuta],
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American wigeon [A. americana], northern shoveler [A. clypeata]), and 3) diving ducks
(e.g., lesser scaup [Aythya affinis], ring-necked duck [A. collaris], ruddy ducks [Oxyura
jamaicensis]) observed within each transect. Additionally, I recorded a GPS location and
the wetland type occupied by each group (≥1 bird) of observed waterfowl. I estimated
population indices of mallards, other duck groups, and total ducks (i.e., summation of all
species or groups) from sums of individuals counted in transects and transect-specific
sample weights using the SAS procedure SURVEYMEANS (SAS Institute 2003). I
specified the stratification scheme of the survey to estimate appropriate variances and did
not include a finite population correction because sample units were chosen with
replacement.
Visibility-bias Correction Experiment
In a previous study, researchers investigated factors influencing visibility bias of
wintering ducks by using duck decoys as surrogates for live ducks (Smith 1993, Smith et
al. 1995). I used the same approach in my study because it allowed control over
experimental factors of interest. I examined 2 factors that I predicted a priori may
influence visibility bias (i.e., group size and wetland type) and randomly assigned
treatments to decoy groups. I defined group size as a continuous variable from 1–100
and did not include group sizes >100 because groups of these sizes occurred rarely in
field surveys (e.g., represented 6% of ~2,000 groups observed in winter 2003) and
because of logistical constraints associated with placement of large numbers of decoys.
To construct a realistic distribution of group sizes, I partitioned group size into quartiles
for all groups of 1–100 individuals observed during surveys in winters 2002 and 2003
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(i.e., 1–8, 9–20, 21–40, and 41–100; A. T. Pearse, unpublished data) and selected the size
of experimental decoy groups from a uniform distribution between the minimum and
maximum values of the 4 categories. I established 2 wetland types based on degree of
openness of vegetation structure. I defined open wetlands as those without woody
vegetation above the water surface and included flooded crop fields, seasonal emergent
herbaceous wetlands, and permanent wetlands (e.g., rivers, oxbow lakes, aquaculture
ponds). I defined forested wetlands as those with woody cover above the surface of the
water (e.g., scrub shrub, bottomland hardwoods).
To simulate field surveys, I placed decoy groups within experimental transects.
Transects were 250-m wide, arranged in an east-west direction similar to field surveys
(Chapter III), varied in length from 2.3–10.7 km, but were not located randomly because
they had to contain the experimental wetland types. On-ground personnel placed 1–5
decoy groups within transects at a pre-determined perpendicular distance from the edge
of transects but within the 250-m strip. Number of decoy groups within a transect was
based on transect length and the availability of wetland types for decoy placement; these
factors were determined by on-ground personnel. They assigned perpendicular
placement of decoy groups using a uniform distribution to represent placement of ducks
along transects of the field surveys. I used a uniform distribution because the true
distribution of ducks was unknown.
I conducted surveys in a Cessna 172, flying at ~150 km/h and at a distance above
ground of 150 m. Weather conditions varied among surveys but were within the
parameters required for field surveys. During flights, one of the on-ground personnel
helped the pilot navigate transects. I served as primary observer and recorded all decoy
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groups observed, numbers of decoys in each group, and wetland type of the group. I did
not have prior knowledge of the location or configuration of decoy groups. During
flights, I was signaled by the pilot of the beginning and end of transects, but received no
other communication during experimental surveys.
To reduce potential bias in estimates of detection probabilities, I ensured each
decoy group was available for observation (i.e., decoy group was located within the
transect band during the experimental survey). I used a GPS receiver to record the flight
path during all surveys and entered these data into a geographic information system that
included the flight path and GPS location of decoy groups. From this information, I
verified that decoy groups were within the transect strip during the survey. Additionally,
the navigator recorded sightings of decoy groups during experimental flights.
During pre-survey trials, my assistants and I observed live ducks on study sites
near decoy groups. Presence of these ducks in decoy groups during experimental surveys
would have inflated group size and potentially visibility of the group, resulting in biased
results. Thus, I positioned on-ground personnel in locations near decoy groups to
disperse any ducks before surveys commenced.
Data Analysis and Estimation
I decomposed visibility bias into 2 response variables for analysis. Groupdetection rate was the probability that the observer detected a group of decoys. I modeled
group detection rate using logistic regression, where the dependant variable was a
binomial response (i.e., detected or missed) and the independent variables were group
size (continuous) and wetland type (categorical). I performed analyses with the
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GENMOD procedure in SAS using the binomial probability distribution and logit link
function (SAS Institute 2003). If the observer detected a group, its size could be counted
incorrectly, leading to counting error. I suspected this error was a systematic bias instead
of random error; thus, I referred to it as count bias and defined it as the probability that an
individual was observed given detection of the group (Krebs 1999). To model count bias,
I performed an analysis of covariance on the subset of observations where groups were
detected (PROC MIXED; SAS Institute 2003). In this analysis, the proportion of ducks
counted was the dependant variable and groups size and wetland type were independent
variables. I used backwards elimination with a criterion of P > 0.10 for variable
exclusion to select the final modes in analyses of detection and counting bias.
I developed a method to estimate abundance of ducks ( N̂ ) by incorporating
visibility bias and population indices of ducks ( Iˆ ) derived from sampling procedures

outlined above. I adjusted for group-detection and count biases simultaneously via a
series of weight adjustments. I based this procedure on the idea of sampling weights,
where a unit’s sampling weight is the inverse of the probability of selection (Lohr
1999:103). In the same manner that a sample weight can be thought of as number of
units in the population represented by the selected unit, group-detection and count
weights represented number of groups and ducks in the sample unit missed by the
observer. For example, if the probability of detection of a group with a certain set of
characteristics was 50% (weight = 1/0.50 = 2), each time a group with those
characteristics was observed, a second group with the same characteristics must be
accounted for because it was not detected. I accomplished this by multiplying the
group’s size by the weighting factor (e.g., 5 ducks observed × weighting factor of 2 = 10
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ducks). I accounted for count bias in the same manner. If I estimated the probability of
counting an individual given the group was observed at 80%, then each individual in the
group would represent itself and an additional 0.25 individuals. Continuing the example
from above, a group of 5 ducks in a sample unit actually would represent 12.5 ducks (i.e.,
5 × 2 × 1.25 = 12.5). Finally, I multiplied weight-adjusted values by the sampling
weight, summed within strata, and then summed among strata to produce point estimates
of abundance.
Although point estimation was a relatively straightforward procedure, deriving an
analytical variance formula was challenging. Steinhorst and Samuel (1989) presented a
procedure to integrate sampling and group detection but assumed no count bias. Cogan
and Diefenbach (1998) recognized the importance of accounting for count bias but did
not provide an analytical solution and reported it would be difficult to derive. Thus, I
used bootstrap resampling, an accepted procedure for estimating variances from complex
surveys (Lohr 1999:306–308), to estimate the variance of abundance and account for
errors due to sampling, group detection, and count bias. The bootstrap uses multiple
independent resamples from an original sample to reproduce properties of a population
(Efron and Tibshirani 1993). To take one bootstrap resample of n units, one would select
n units with replacement from the sample. This procedure is repeated multiple times to
provide bootstrap estimates of variables of interest. To calculate bias-corrected
estimates, I bootstrapped the sample of transects flown and the group-detection and count
bias data sets 1,000 times. For each 1,000 data sets, I calculated point estimates of
abundance as explained above. Using the estimates of abundance for all 1,000 resamples,
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I used the mean and standard deviation as an estimate of abundance and SE of
abundance, respectively.
Resampling with logistic regression can present a problem if the maximum
likelihood estimation procedure used in logistic regression cannot converge to a finite
value for one or more parameters in certain samples. To reduce the chance of
nonconvergence, I selected bootstrap samples within the framework of the original
experimental design. Specifically, I constrained the resampling to within wetland type
and quartiles of group size. Thus, each resample had the same number of sample units
within each wetland-type and group-size quartile combination as the original data set. If
a resampled data set failed to converge, I used the frequency of sighting within wetland
type as bias correction factors. Finally, I constrained the probability of group detection
regardless of convergence status to the inverse of the sample size within wetland types
(nh) because of questions regarding the ability of the logistic regression model to estimate
probabilities less than 1/nh (P. D. Gerard, Experimental Statistics Unit, Mississippi State
University, personal communication).
I compared 3 different weighting scenarios based on certain assumptions and
interpretations of results. In the first scenario, I adjusted observed group size before
predicting probabilities of detection. I performed this adjustment because the group size
obtained from field surveys is an underestimate of actual group size. In the second
scenario, I calculated group-detection weight from a logistic regression for open wetlands
only and used frequency of observation for groups in forested wetlands, because I found
group size had little influence on detection rate in forested wetlands (see Results). In the
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third scenario, I adjusted observed group size and used logistic regression only for open
wetlands.
Results

I sampled 125 transects during the aerial survey conducted 26–30 January 2004
and estimated a population index of 129,652 mallards (SE = 11,681; CV = 0.09), 91,797
other dabbling ducks (SE = 11,784; CV = 0.13), 43,174 diving ducks (SE = 10,021; CV =
0.23), and 264,623 total ducks (SE = 22,656; CV = 0.09). I observed the following
percentages of ducks in forested wetlands: mallards, 7.0%; other dabbling ducks, 2.9%;
diving ducks, 2.3%; and total ducks, 5.8%. Mean group sizes during the survey were
25.4 for mallards, 31.7 for other dabbling ducks, 26.0 for diving ducks, and 32.9 for total
ducks.
I conducted experimental surveys on 12, 19, and 26 February 2005. I flew 28
experimental transects containing 81 experimental decoy groups. Each wetland type and
group-size quartile combination was replicated 10 times except the smallest group-size
quartile in forested wetlands (n = 11). Of the 81 decoy groups, I detected 60 (74%).
Ground crews placed 2,269 total decoys and I detected 1,427 (63%).
Wetland type (P = 0.161), group size (P = 0.027), and their interaction (P =
0.064) were all included in the final group-detection model. In a 2-intercept
parameterization of the logit model, the intercept for forested wetlands was β = 0.476 (SE
= 0.534), and the influence of group size in forested wetlands was β = 0.016 (SE =
0.017). The intercept for open wetlands was less (β = -0.837; SE = 0.770) and the
influence of group size greater (β = 0.129; SE = 0.058) than forested wetlands.
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Generally, the probability of group detection for small groups in forests was greater than
small groups in open wetlands, but probability of detection for groups with >15 decoys
was greater in open than forested wetlands (Figure 2.2). The logistic regression model
explained 24% of the variation in group-detection rate. If a group was detected, none of
the experimental factors were included in the final model of count bias (P > 0.10).
Overall, I counted 78% (SE = 3%) of the individuals within detected groups.
Estimated duck abundances were greatest when I applied the second scenario for
visibility bias correction (Table 2.1). Scenarios 1 and 3 produced comparable estimates
of total abundance these estimates exceeded population indices by 42% for mallards, 36–
37% for other dabbling ducks, 38–39% for diving ducks, and 39–40% for total ducks.
Scenario 2 produced the greatest variability and increased the SE relative to population
indices by 109% for mallards, 55% for other dabbling ducks, 46% for diving ducks, and
97% for total ducks. Coefficients of variation increased slightly when correction factors
were applied and were the same for scenarios 1 and 3 (Table 2.1). The largest estimated
bias from bootstrapping resulted from scenario 2, whereas scenarios 1 and 3 had
comparable and relatively small estimated biases (Table 2.2).
Discussion

Factors found commonly to influence visibility bias in aerial surveys included
those that obstructed the view of animals from observers and the abundance of
individuals (e.g., Samuel et al. 1987, Anderson et al. 1998). I found the combined effects
of group size and wetland type affected detection of decoy groups. Specifically, small
groups of decoys in open wetlands had the least probabilities of detection, groups
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composed of >15 decoys in open wetlands had the greatest probabilities of detection, and
detection of groups in forested wetlands was relatively independent of group size (Figure
2.2). In a similar experiment, Smith et al. (1995) found the same pattern, with group size
influencing detection of decoy groups in open wetlands, whereas groups in bottomlandhardwood wetlands were detected with equal probabilities, regardless of group size or
density. I speculate that small groups in open wetlands were detected with low
probabilities because they were relatively inconspicuous in large expanses of open
wetlands (e.g., flooded croplands). Small groups in forested wetlands may have been
detected at a greater rate relative to open wetlands because observers concentrated more
when searching for ducks in woody vegetation. This increased concentration in forested
wetlands potentially allowed observers to detect groups of ducks at a more constant rate
relative to group size than in open wetlands.
I did not detect effects of wetland type or group size on count bias. This result
differs from previous work, where both variables explained variation in count bias (Smith
et al. 1995). At group sizes >100, I suspect the magnitude of count bias would increase
from the value estimated in this study because counting accuracy tends to decrease as the
density of objects increases (Erwin 1982). Not accounting for potentially increasing
count bias for groups >100 would bias estimates of abundance, but I observed relatively
few large groups of live ducks during field surveys, hence the magnitude of this bias
would be relatively small (A. T. Pearse, unpublished data).
The factors manipulated in my experiment explained 24% of the variation in
group-detection rate and none of the variation in count bias. Although Steinhorst and
Samuel (1989:424) stated that use of a perfect visibility bias model is unnecessary,
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unexplained variation influences the component of variance attributed to visibility bias;
thus, determining additional factors to explain variation may improve precision of
estimates. One option would be to expand number of wetland categories to help explain
increased variation in group detection. Smith et al. (1995) used 3 categories of forested
wetlands (i.e., cypress-tupelo swamp, shrub swamp, and bottomland hardwoods) and
found differences in visibility rates among forested wetland types. Furthermore, open
wetlands included a variety of herbaceous emergent wetlands with different attributes
(e.g., vegetation structure and water turbidity) that could be classified into ≥2 groups and
visibility estimated separately for each. Additionally, I believe other variables that affect
observers’ ability to detect animals may have a significant influence on visibility bias.
Short and Bayliss (1985) found light conditions influenced visibility of red and grey
kangaroos (Macropus rufus, M. fuliginosus) in Australia. Considering aerial surveys of
wintering ducks, sun glare from surface water can create heterogeneous visibility
conditions for observers. I speculate that visibility bias varies depending on light
conditions determined by several factors (e.g., cloud cover, time of day, and direction of
flight path), and there may be potential to define categories of light conditions for
estimating variation in visibility. Other covariates potentially influencing observers
include turbulence and observer fatigue (Krebs 1999).
When comparing weighting scenarios 1 and 3, I contrasted use of logistic
regression for both wetland types and open wetlands only, the wetland type where group
size influenced detectability. There was little difference in estimates of abundance or
precision, and bias due to bootstrapping was similar between the 2 options. My
comparison of scenarios 2 and 3 allowed determination of the effects of adjusting group
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size before using it to estimate group detection. Making this adjustment is logical
because group sizes used in the visibility bias experiment were known values, whereas
group sizes collected during field surveys were subject to count bias. From comparison
of scenarios 2 and 3, I found this adjustment provided more precise estimates of
abundance and less bootstrap bias than scenario 1. The group-size adjustment was a
rational alternative and performed better analytically than not including it in the
weighting process; therefore, I recommend use of weighing scenario 3.
An inherent assumption of my study was that parameters estimated in the decoy
experiment reflected visibility bias associated with live ducks. I acknowledge that
decoys were not perfect surrogates for live ducks. For example, decoys were generally
larger than ducks, potentially increasing visibility, yet decoys did not move, potentially
decreasing visibility. Sightability models for large mammals have been developed using
radiotagged individuals (e.g., Samuel et al. 1987); hence, a study could be conducted with
radiotagged ducks to validate use of decoys. A more fundamental assumption related to
the sightability method is that the visibility parameters and their variances are constant
among observers and through time. The same observer conducted both experimental and
field surveys; hence, I did not need to consider multiple observers in my study. During
future field surveys, I suggest using a minimum number of observers and estimating
separate sightability models for each observer. Regarding temporal variation, I
acknowledge an observer’s ability to detect ducks may change through time (Johnson et
al. 1989). Continual assessment of bias parameters through visibility bias experiments is
an option but may be cost prohibitive and impractical.
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I conducted this experiment as a case study illustrating how natural resource
managers may use model-based approaches to correct for visibility bias in wildlife
surveys. Although sightabilty models have been developed and used for other species,
these models assumed that counts of individuals within observed groups were unbiased,
an inherent weakness of the approach (Smith et al. 1995, Cogan and Diefenbach 1998,
Giudice 2001). My method accounted for count bias, an improvement over earlier work.
Furthermore, I found that visibility bias correction using a sightability model had little
influence on precision of abundance, as measured by the CV (Table 2.1). Additional
evaluations should be conducted to ensure that, after correcting for bias, estimates of
abundance have increased accuracy (or decreased mean-squared error), which is not
always the case with bias-corrected estimates (Little 1986).
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Table 2.1. Estimates of population indices ( Iˆ ; not corrected for visibility bias) and abundances ( N̂ ; corrected for visibility bias),
standard errors (SE), and coefficients of variation (CV) for mallards, other dabbling ducks, diving ducks, and total
ducks estimated from an aerial survey conducted in western Mississippi, 26–30 January, 2004.
Species or
Group
Mallards

29

Other
dabbling
ducks
Diving
ducks
Total ducks
a

Scenario 1a

Index
Iˆ

SE

CV

N̂

SE

Scenario 2b
CV

N̂

SE

Scenario 3c
CV

N̂

SE

CV

129,607 11,691 0.09

183,529 19,657 0.11

191,144 24,482 0.13

184,285 19,592 0.11

91,974 11,615 0.13

125,705 16,858 0.13

129,654 17,984 0.14

124,780 16,860 0.13

9,606 0.22

59,885 13,221 0.22

62,223 13,992 0.22

59,326 13,215 0.22

264,598 22,450 0.08

369,119 37,046 0.10

383,021 44,208 0.12

368,391 37,001 0.10

43,017

Estimation used group-detection weights derived from logistic regression for both wetland types and adjusted group sizes for
count bias before predicting probabilities of detection.
b
Estimation used group-detection weights derived from logistic regression for open wetlands only.
c
Estimation used group-detection weights derived using the logistic regression for open wetlands only and adjusted group sizes
for count bias before predicting probabilities of detection.

Table 2.2. Bias in estimates of population indices ( Iˆ ; no correction for visibility bias) and abundances
N̂ ; corrected for visibility bias) of mallards, other dabbling ducks, diving ducks, and total ducks
estimated from a bootstrap procedure.
Scenario 1a

(Species or
Group

Mallards
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Other
dabbling
ducks
Diving ducks
Total ducks
a

N̂

d

N̂ B e

Scenario 2b

Bias

N̂

N̂ B

Scenario 3c

Bias

N̂

N̂ B

Bias

183,529

185,030

-1,501

191,144

192,984

-1,840

183,341

184,285

-944

125,705

124,806

899

129,654

127,773

1,881

125,722

124,780

942

59,885

59,423

462

62,223

61,495

728

59,858

59,326

532

369,119

369,259

-140

383,021

382,251

770

368,921

368,391

530

Estimation used group-detection weights derived from logistic regression for both wetland types and adjusted group sizes for
count bias before predicting probabilities of detection.
b
Estimation used group-detection weights derived from logistic regression for open wetlands only.
c
Estimation used group-detection weights derived using the logistic regression for open wetlands only and
adjusted group sizes for count bias before predicting probabilities of detection.
d
Estimates generated using point estimates of parameters to adjust for visibility bias.
e
Estimates generated from 1000 bootstrap resamples.

Figure 2.1. Locations of study sites (•) within western Mississippi (black) and the
Mississippi Alluvial Valley (gray) where experimental aerial surveys of
wintering waterfowl were conducted in February 2005.
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Figure 2.2. Predicted relationship between the probability of detecting a group of duck
decoys placed in open (solid line) and forested (dashed line) wetlands for
group sizes from 1–100.
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CHAPTER III
EVALUATION OF AN AERIAL SURVEY TO ESTIMATE ABUNDANCE OF
WINTERING DUCKS IN WESTERN MISSISSIPPI
Local, regional, and continental estimates of abundance are critical to manage and
conserve waterfowl populations and habitats in North America. For example, waterfowl
managers monitor populations and set harvest regulations using estimates of indicated
breeding pairs of ducks derived from extensive surveys in the United States and Canada
(Martin et al. 1979, Williams et al. 1996, Brasher et al. 2002). Furthermore, the North
American Waterfowl Management Plan expressed objectives in terms of abundance and
recommended improvements for population surveys (U.S. Department of the Interior and
Environment Canada 1986), providing impetus for researchers to develop increasingly
effective and efficient methods to estimate abundance of waterfowl throughout their
annual range.
Currently, most surveys of wintering waterfowl are not based on probability
sampling, and data from such surveys have been used sparingly to manage waterfowl
resources (Eggeman and Johnson 1989, Heusmann 1999). Scientists have questioned the
usefulness and validity of winter surveys because they do not have a defined sampling
design (Reinecke et al. 1992), do not follow similar procedures among participating
agencies (Eggeman and Johnson 1989), and make tenuous assumptions (e.g., same
proportions of populations are counted annually). Indeed, more rigorous methods are
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needed to generate estimates of abundance that are reliable and comparable among areas
and time periods.
Estimating waterfowl abundance during winter is challenging due to clumped
distributions of birds, their use of ephemeral habitats, and the dynamic nature of their
distributions within- and among-years related to environmental factors such as
precipitation and wetland conditions (Nichols et al. 1983, Reinecke et al. 1992). Past
research suggested precise estimation of wintering waterfowl population indices is
possible at physiographic-regional scale using aerial surveys (e.g., Mississippi Alluvial
Valley [MAV]), but such surveys generally have not been implemented annually (Conroy
et al. 1988, Reinecke et al. 1992). Two key shortcomings of previous research were
imprecise estimates for sub-regions within large physiographic regions (e.g., Mississippi
portion of the MAV; Reinecke et al. 1992) and lack of effort or ability to estimate
precisely abundances of multiple species simultaneously (Conroy et al. 1988, Eggeman et
al. 1997). Before reliable and rigorous winter surveys can become operational, research
should address these and related issues such as visibility bias (see Chapter II).
I designed an aerial transect survey to estimate abundance of wintering ducks in
western Mississippi during winters 2002–2004. I evaluated performance of the survey
protocol and illustrated potential applications of survey results in the context of
conservation and management of waterfowl resources and habitats. To assess survey
performance, I compared precision of duck abundance estimates and examined the
behavior of a model designed to correct for visibility bias inherent in aerial survey
methodologies. Additionally, I used survey data and results to describe temporal patterns
in duck abundance, create spatial distributions of ducks, and model variation in estimates
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of abundance. If deemed successful in western Mississippi, this survey protocol could be
implemented in other MAV states and possibly other wintering areas in North America.
Study Area
The MAV is a continentally important region for migrating and wintering
waterfowl in North America (Reinecke et al. 1989). The MAV is the floodplain of the
lower reaches of the Mississippi River, covering 10 million ha and portions of 7 states
(MacDonald et al. 1979). Historically, the MAV was an extensive bottomland-hardwood
ecosystem composed of hard- and soft-mast producing trees that provided important
forage and other habitat resources for waterfowl and other wildlife (Fredrickson et al.
2005). Extensive landscape changes occurred during the 20th Century, and large portions
of the MAV were cleared of trees and used for agricultural production. One consequence
of these landscape changes was that flooded agricultural fields (e.g., rice, soybean)
replaced natural foraging habitats for several species of wintering waterfowl (Reinecke et
al. 1989, Stafford et al. 2006). My study area encompassed most of the MAV within the
state of Mississippi (1.9 million ha) and was bounded to the south and east by the loess
hills of the lower Mississippi River Valley and on the west by the Mississippi River
proper (Figure 3.1).
Methods
Field Methods
I conducted 3 aerial surveys in winter 2002 (December 2002 – January 2003), 6 in
winter 2003 (November 2003 – February 2004), and 6 in winter 2004 (November 2004 –
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February 2005) following survey methods similar to Reinecke et al. (1992). I contracted
with an experienced aerial service vendor to fly surveys in a fixed-wing aircraft (i.e.,
Cessna 172; A. Nygren, Nygren Air Service, Raymond, Mississippi). The pilot navigated
transects using a global positioning system (GPS) receiver and flew at a constant altitude
of 150 m. The observer was seated in the right front seat and determined transect
boundaries with marks placed on the wing strut and window (Norton-Griffins 1975). I
recorded the number of 1) mallards (Anas platyrhynchos), 2) other dabbling ducks (e.g.,
northern pintail [A. acuta], American wigeon [A. americana], northern shoveler [A.
clypeata]), and 3) diving ducks (e.g., lesser scaup [Aythya affinis], ring-necked duck [A.
collaris], and ruddy ducks [Oxyura jamaicensis]) observed within each transect.
American coots (Fulica americana) occurred with ducks on aquaculture ponds and other
wetlands (Dubovsky and Kaminski 1992). I could not consistently differentiate
American coots from diving ducks; hence, estimates of diving ducks likely were biased
positively. I do not believe the magnitude of this bias was great because American coots
comprised a relatively small proportion of waterbirds on wetlands in the study area (A. T.
Pearse, personal observation; Dubosky and Kaminski 1992). I limited estimation to these
3 groups to reduce counting errors and increase precision of estimates. Additionally, I
recorded the GPS location of each group (≥1 bird) of observed waterfowl. I defined a
group of ducks as an aggregation of individuals within a portion of a wetland; therefore,
this determination was based on physical proximity of individuals instead of behavioral
cues.
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Survey Design
I used stratified random sampling to estimate numbers of ducks in western
Mississippi because stratified sampling had potential to increase precision of estimates by
independently sampling areas with similar densities of ducks. First, I delineated 4 strata
using selected highways as boundaries among strata with the joint objective of satisfying
reporting needs of management agencies and separating areas differing in mallard
abundance (a focal species) and available habitat (Figure 3.1). Next, I delineated selected
areas with a greater expected mallard abundance as a fifth stratum from which I could
select disproportionately large samples to increase precision of population estimates. The
fifth stratum included non-contiguous portions of the first 4 strata (Appendix A). I
allowed location, size, and shape of the fifth stratum to vary conceptually and determined
its final configuration before each survey relative to current wetland conditions and
expected density and distribution of mallards (see Appendix A for specific
configurations). I used the distribution of mallards to represent all duck species because
they were the species of greatest abundance (Table 3.1, A. T. Pearse, unpublished data),
and their population status is used to guide conservation and management of other
species of North American ducks (e.g., Johnson and Moore 1996, Reinecke and Loesch
1996, Johnson et al. 1997).
I designated fixed-width transects as sample units for my survey design. Using
geographic information systems (GIS) technology, I created a sampling frame by placing
transect lines in an east-west orientation and spaced 250 m apart across the study area
(Environmental Systems Research Institute [ESRI] 2002). I selected new sets of
transects for each survey to avoid the possibility that the current sample was not
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representative (Reinecke et al. 1992:524), prevent serial autocorrelation among surveys
(Eggeman et al. 1997), and thoroughly cover the study area to better approximate the
spatial distribution of ducks. I randomly selected transects with replacement based on a
probability that was proportional to their length (Caughley 1977, Reinecke et al. 1992). I
constrained adjacent transects from being selected to reduce the chance of double
counting ducks (Reinecke et al. 1992). If adjacent transects were selected, I excluded the
second transect selected and chose a new non-adjacent transect from the remaining pool
of potential transects. To determine effects of sample size on precision of abundance
estimates, I selected 2 sets of transects representing increasing survey effort (i.e., 3 and 5
survey days). These 3- and 5-day surveys were nested such that the 3-day survey
comprised the first 3 days of a 5-day survey.
For the initial survey in December 2002, I allocated sampling effort (i.e.,
cumulative length of transects) to major strata proportional to the number of sample units
within them (i.e., proportional allocation; Cochran 1977:91) and allocated approximately
twice proportional effort to the high-density stratum because of the potentially greater
duck density and variance compared to other strata. In subsequent surveys, I used the
Neyman method, wherein sampling effort is proportional to stratum size and the
variability of mallard densities among transects within strata (Cochran 1977).
Estimation and Analysis
I estimated a population index ( Iˆ ; i.e., duck abundance not corrected for visibility
bias) for mallards, other dabbling ducks, diving ducks, and total ducks (i.e., sum of
previous species or groups) for all surveys. I calculated the index by inputting transect38

specific counts of individuals by species or group and sampling weights (i.e., P[transect
selection]-1) for each transect in the SURVEYMEANS procedure in SAS (SAS Institute
2003). I specified the stratification scheme for each survey to facilitate variance
calculations and did not include a finite population correction because I chose sample
units with replacement. I recorded the associated standard error (SE) for each estimate of

Iˆ and calculated the coefficient of variation (CV).
To estimate population size for each survey ( N̂ ), I incorporated group-specific
correction factors that accounted for visibility and count bias inherent in aerial survey
procedures (described in Chapter II). These factors included habitat structure (i.e., open
versus forested wetlands) and group size, where bias generally was greater when ducks
occupied forested wetlands and occurred in small groups (e.g., <15 birds). An empirical
variance estimator was difficult to derive (Smith 1993, Cogan and Diefenbach 1998);
thus, I calculated SEs of abundance estimates from 1,000 bootstrap samples (Chapter II).
Correction for bias introduced extra variation, potentially rendering estimates of
abundance less accurate than estimates of Iˆ (Little 1986, 1988). To compare accuracy of
estimates, I derived mean-squared errors (MSE) of estimates for mallards and other duck
groups for each survey. I calculated the MSE for an estimate ( θˆ ) by:

MSE(θˆ) = var(θˆ) + bias(θˆ) 2
where var(θˆ) and bias(θˆ) were the variance and bias of an estimate θˆ , respectively
(Cochran 1977:15). I assumed estimates of abundance were unbiased; hence,

MSE(N̂ ) = var(N̂ ) and the bias associated with indices could be calculated as
bias( Iˆ) = Iˆ − N̂ .
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I used z-statistics to compare differences between abundance estimates (Reinecke
et al. 1992). I tested if mean abundances of surveys conducted in November and
December (hereafter, early winter) differed from surveys conducted in January and
February (hereafter, late winter) for mallards and other duck groups. I also compared
mean estimated abundances for early January (surveys 2, 7, and 12; Table 3.1) with late
January and February surveys (surveys 3, 8, 9, 13, and 14; Table 3.1). Lastly, I compared
mean population indices of mallards estimated in western Mississippi in December and
January with values reported from similar surveys conducted during winters 1987–1989
(i.e., stratum 1; Reinecke et al. 1992). I used the Bonferroni method to control
experiment-wise Type I error rate (α = 0.05/9 = 0.006).
Spatial Distribution

I interpolated spatial locations of mallards and total ducks to depict their spatial
distribution within the study area for each survey. I followed a 3-step procedure to create
a spatial data layer needed for the interpolation process. First, I compiled observed
locations of groups of mallards and total ducks by survey. Next, I created a spatial data
layer to represent the portion of the study area sampled during each survey. This layer
consisted of points spaced 1,000 m apart along transects flown during each survey.
Finally, I combined the duck locations and transect layers to create a data set representing
relative abundances of observed mallards and total ducks within the sampled portion of
the study area during each survey.
I used the Geospatial Analysis extension in ArcGIS Desktop 8.3 to interpolate the
data layer described above (Johnston et al. 2001, ESRI 2002). I used the local
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polynomial interpolation technique within this extension. This deterministic interpolation
method creates a surface based on mathematical formulas to generate a resulting surface
rather than geostatistical methods that incorporates spatial autocorrelation (e.g., kriging;
O’Sullivan and Unwin 2002). Furthermore, this method creates an approximate rather
than exact surface (i.e., predicted values can differ from observed values). This
approximation is similar to simple linear regression, where a series of observations are
used to predict the value at unknown locations (O’Sullivan and Unwin 2002). I used an
approximate instead of exact method because a smoothed surface contained fewer
extreme and isolated values due to individual observations. Finally, I selected a local
instead of global interpolator because I assumed waterfowl distributions were based more
on proximal factors rather than phenomena at the study area level (e.g., wetland and
forage conditions, sanctuary).
After creating the predicted distribution, I developed 4 empirically based
categories of duck density (i.e., none observed, low, medium, and high densities). I used
the mean density of the high-density stratum among completed surveys as the cut point
between the high- and medium-density categories (0.223 mallards/ha; 0.410 total
ducks/ha) and the mean density of the northwest, southeast, and southwest strata (Figure
3.1) for all surveys as the cut point between the medium- and low-density categories
(0.037 mallards/ha; 0.111 total ducks/ha). Therefore, density categories for mallards and
total ducks differed because each was determined relative to observed densities of
mallards or total ducks. To determine the cut point between the categories of low density
and none observed, I used a subjective value of 0.004 individuals/ha (1.000
indivdual/mi2).
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Abundance Modeling Procedures

Conceptual framework and hypotheses. Energy is a fundamental requirement for

life; thus, the study of energetics is paramount to investigating vertebrate ecology
(Baldassarre and Bolen 2006:118). Furthermore, energy and maintenance of energy
balance provide useful perspectives to understand behaviors of individuals and
populations (Guthery 1999:670). I used this theoretical framework to examine factors
possibly influencing migration and ultimately duck abundance in western Mississippi.
When faced with energy demands, waterfowl can take actions to conserve energy,
acquire exogenous energy, or expend endogenous resources (Blem 2000). Following this
logic, I developed 2 research hypotheses (RH) related to environmental factors
potentially influencing conservation and acquisition of energy by ducks wintering in my
study area (Prince 1979, Baldassarre and Bolen 2006).
RH1: Factors that maximize energy conservation drive migration and distribution
of non-breeding ducks.
RH2: Factors that maximize energy acquisition drive migration and distribution
of non-breeding ducks.
To determine the validity of research hypotheses, I formulated testable predictions to
compare with observed data and assess support for hypotheses. I formalized predictions
into models and compared models in an information-theoretic context (Burnham and
Anderson 2002).
Model set and explanatory variables. Thermoregulation can be a significant

component of the energy demand of free-living birds (Blem 2000), and ambient
temperature plays a central role in determining the cost of thermoregulation (Dawson and
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Whittow 2000). Therefore, I developed 4 models predicting relationships between duck
abundance and ambient temperature to test the energy-conservation hypothesis. I
calculated mean minimum daily temperature for the 7-day period before and the days
during each survey from weather stations distributed across the study area (Yazoo City,
Greenville, Greenwood, and Cleveland, Mississippi) and weather stations at a latitude of
~38°N (Kansas City and St. Louis, Missouri and Louisville, Kentucky; NTEMP). I chose
this latitude as an index of thermal conditions at northern latitudes used by great numbers
of waterfowl during winter (Bellrose 1980). Based on the logic that ducks conserve
energy by migrating from higher latitudes to areas with more favorable conditions when
temperatures fall (Nichols et al. 1983), I used northerly temperature and the difference
between Mississippi and northerly temperatures (TEMP_D) to characterize relationships
between the birds and ambient temperature. I also predicted that a change in ambient
temperature or in combination with mean daily minimum temperature at the northern
latitude could influence duck distribution. I used the slope of a simple linear regression
between daily minimum temperature and Julian day to quantify change in temperature
(NTEMP∆). Unless otherwise stated, I obtained these and the following weather data
from National Weather Service observation stations (National Oceanic and Atmospheric
Administration 2002–2005).
Birds expend large amounts of energy during flight compared to alternative forms
of locomotion (Blem 2000). Based on RH1, I predicted wind direction and strength
would be associated with energy conservation by reducing the cost of long-distance
migration. If correct, northerly winds would be associated positively with increased
abundances of ducks in western Mississippi. To quantify wind direction, I gathered daily
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resultant wind vectors from weather stations at the ~38°N latitude for the week preceding
each survey. I summed these 14 vectors into 1 resultant vector and WINDDIR described
the direction of this vector. I hypothesized that wind direction would influence waterfowl
abundance in a nonlinear fashion; thus, I calculated the cosine of the direction angle.
This transformed variable ranged between -1 and 1, where southerly winds had negative
values (south = -1) and northerly winds had positive values (north = 1; Johnson et al.
2005). Based on my prediction, the transformed variable would influence abundance
linearly, where north winds would be associated with increased numbers of ducks and
south winds would be associated with decreased abundances. The strength of this vector
also could be important; hence, I created an additional explanatory variable (WIND) by
multiplying WINDDIR and the average strength of the resultant vector.
The extent, quality, and availability of foraging habitats influence the rate at
which ducks acquire energy. I used a combination of 5 explanatory variables to develop
models describing regional and extra-regional foraging conditions. I predicted that areas
experiencing natural flooding would attract ducks and indexed natural floods with daily
river discharge (m3/sec) measured at a monitoring site along the Sunflower River in the
northwestern stratum of the study area (33°50'N, 90°40'W; Figure 3.1) for the week prior
and during each survey (United Stated Geological Survey, National Water Information
System, surface-water daily data). The explanatory variable RIVER was the natural
logarithm of the average of these daily values. I log-transformed river discharge because
I predicted that, after a certain level of discharge flooded surrounding wetlands, further
increases would not result in a continued linear relationship with duck abundance
(pseudothreshold relationship; Franklin et al. 2000:551). As with ambient temperature, I
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predicted that the magnitude and direction of the change in river discharge might
influence duck distribution combined with average daily flow. I performed a simple
linear regression between daily discharge and Julian day and used the slope of this
relationship to quantify change in discharge (RIVER∆). Winter precipitation also creates
seasonal wetlands via pooling and has been shown to influence mallard distribution in the
MAV (Nichols et al. 1983). I calculated mean cumulative precipitation from weather
stations within the study area (listed above) for the week previous to and during surveys
(MSPRECIP) and predicted increased precipitation would be associated positively with
duck abundance.
I also developed a model describing a possible mechanism whereby ducks may
forecast forage availability in the study area by changes in barometric pressure. Falling
air pressure and low-pressure systems are associated with precipitation events (Wiesner
1970), and ducks may sense these weather patterns and use them as proximate cues for
regional habitat use. I obtained daily barometric pressure readings from 2 airport weather
stations in the study area (Mid-Delta Regional Airport, Greenville, Mississippi and
Greenwood-Leflore Airport, Greenwood, Mississippi) and regressed these values with
Julian day to quantify the magnitude and direction of barometric pressure for the week
preceding each survey (BARPR∆).
Variation in available energy outside the MAV also may influence duck
distribution. I developed a model predicting a negative association between forage
availability north of the study area and estimated duck abundance in the study area. I
used the Northern Hemisphere Snow Cover data set provided by the National Weather
Service as an index of forage availability. The explanatory variable SNOW described the
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proportion of a region covered by snow during the 1-week period preceding and during
each survey across a 685,000-km2 area including portions of Arkansas, Tennessee,
Kentucky, Indiana, Missouri, Iowa, and Illinois (northeastern corner of region, 43°11'N,
86°20'W; northwestern, 41°41'N, 96°30'W; southeastern, 35°41'N, 85°22'W;
southwestern, 34°27'N, 94°2'W). I included a model based on the prediction that forage
availabilities within and outside the study area might influence duck distribution using
previously mentioned explanatory variables.
Analysis and inference. I used general linear models to predict relationships

between estimated abundances of total ducks and explanatory variables using the MIXED
procedure in SAS (SAS Institute 2003). I modeled this composite estimate of abundance
instead of individual species or group estimates because I was most interested in effects
influencing all ducks instead of select species. The 14 surveys were dependent replicates
because surveys were nested within winters and prone to serial correlation. I accounted
for winter-specific effects by including year as a random effect in all models. Due to
small sample size (n = 14), I did not attempt to account for serial correlation within years
with a variance-covariance model or time trend. Selection of new sets of transects each
survey likely reduced serial correlation (cf., Eggeman et al. 1997), but some level of
autocorrelation likely persisted; hence, my results should be considered exploratory. To
account for the sampling error associated with total duck abundance, I weighted each
observation with the reciprocal of its variance (King 1997:290). Models were fit using
maximum likelihood estimation and parameters estimated with restricted maximum
likelihood estimation. From model outputs, I calculated Akaike’s Information Criterion
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adjusted for small sample size (AICc), ∆AICc, and model weights (wi; Burnham and
Anderson 2002). I calculated a measure of model fit by squaring the Pearson’s productmoment correlation coefficient (r2) between observed and predicted responses (as
predicted by empirical best linear unbiased prediction; SAS Institute 2003) to explore
their explanatory potential. I considered all models with ∆AICc ≤ 2 as competing and
computed the 90% confidence interval about parameter estimates from selected models.
Results

I completed 14 surveys during winters 2002–2004. I conducted 3 surveys during
winter 2002 (9–17 December 2002, 8–13 January 2003, and 28 January–2 February
2003), 6 surveys during winter 2003 (17–21 November 2003, 2–6 and 18–22 December
2003, 5–9 and 26–30 January 2004, and 9–13 February 2004), and 5 surveys during
winter 2004 (3–7 and 17–21 December 2004, 3–5 and 24–27 January 2005, and 10–12
February 2005). I scheduled a survey for late November 2004, but was unable to
complete the survey due to inclement weather.
Bias correction increased estimates of mallard abundance by an average of 48%
(SE = 2%), other dabbling ducks by 40% (SE = 2%), diving ducks by 40% (SE = 3%),
and total ducks by 43% (SE = 2%). Variance due to bias correction accounted for 61%
(SE = 3%) of the variance for mallard abundances, 50% (SE = 2%) for other dabbling
ducks, 48% (SE = 3%) for diving ducks, and 58% (SE = 2%) for total ducks. Bias
correction decreased MSE for mallards by 75% (SE = 5%), 69% (SE = 3%) for other
dabbling ducks, 51% (SE = 5%) for diving ducks, and 80% (SE = 3%) for total ducks.
Thus, estimates of duck abundance exhibited increased variances (Table 3.2) yet were
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more accurate than population indices for mallards or other duck groups in all surveys
(Table 3.3).
I observed 6–18% of mallards, 3–11% of other dabbling ducks, 0–3% of diving
ducks, and 6–14% of total ducks using forested wetlands during surveys in winters 2002–
2004. Mean group size varied from 17.3–50.4 mallards, 31.2 –72.0 other dabbling ducks,
25.5–60.6 diving ducks, and 32.9–69.2 total ducks. Despite considerable variation in
factors influencing the magnitude of bias correction, I observed strong positive
correlations between population indices and bias-corrected abundance estimates for
mallards (r = 0.998), other dabbling ducks (r = 0.990), diving ducks (r = 0.940), and total
ducks (r = 0.991) among the 14 surveys.
I achieved the a priori objective for precision of bias-corrected abundance
estimates (CV ≤ 15%) in 50% of the estimates for mallards, 36% of the estimates for
other dabbling ducks, none of the estimates for diving ducks, and 71% of the estimates
for total ducks (Table 3.1). Of the estimates not meeting the objective, only one mallard
and one total duck estimate had a CV > 20%; additionally, the maximum CV for other
dabbling ducks was 23%. Generally, I met the objective during surveys from late
December to mid-February but not during surveys early in winter (Table 3.1).
I compared 3- and 5-day survey efforts for 6 surveys. I sampled 4% of the study
area during 3-day surveys and 6% with 5 days of effort. I found that 2 additional days of
sampling decreased observed CVs an average of 2% for mallards and total ducks and 3%
for other dabbling and diving ducks (Table 3.4).
Estimated mallard abundances peaked in January for 2 of 3 winters and ranged
from 72,839 birds in mid-February 2005 to 343,218 in late January 2003. Other dabbling
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duck abundances followed a similar seasonal trend and varied between 65,048 in early
December 2003 and 283,663 in late January 2005. Diving duck abundances varied less
than other groups and averaged 86,325 across surveys. Total duck abundance peaked in
early January in winters 2002 and 2004, whereas I observed the greatest abundance of
total ducks in mid-February 2003 (Table 3.1). Among years, I estimated an increase of
89,630 mallards (z = 5.80, P ≤ 0.001), 15,416 other dabbling ducks (z = 4.13, P ≤ 0.001),
and 157,764 total ducks (z = 5.24, P ≤ 0.001) in January–mid-February than late
November–December. I did not detect a difference in diving duck abundances between
these time periods (mean difference = 5,006, z = 0.46, P = 0.648). I also failed to reject
the hypothesis of no difference in abundance of mallards and other duck groups between
the periods of early January and late January–early February (P ≥ 0.06). Comparing
mean indices of mallards in December and January from my study (n = 11; Table 3.2)
with comparable indices from December 1988–January 1990 (n = 5; Reinecke et al.
1992), I found there were 2.9 times more mallards estimated during the late 1980s
compared to contemporary surveys (z = 6.20, P ≤ 0.001)
Models describing RH1 received more than 75% of the weight in my model set
(wRH1 = 0.777, wRH2 = 0.223). Only one of the 6 highest-ranked models was associated
with RH2 (Table 3.4). The best-competing model included a covariate that described the
ambient temperature differential between my study area and a region north of the area (wi
= 0.409; Table 3.4). In this model, each 1° C increase in the difference between average
minimum temperature in the 2 regions resulted in an increase of 26,592 (90% CI: 8,784–
44,400) ducks estimated in western Mississippi. Another measure of ambient
temperature was included in the next-ranked model, wherein each 1° C decrease in
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ambient temperature at 38°N was associated with an increase of 12,182 (90% CI: 764–
23,600) ducks. The SNOW model received 12.1% of model weight and predicted an
increase of 1,359 (90% CI: 431–4,915) ducks for each 1% increase in snow cover across
the region north of my study area. I found a positive relationship between total duck
abundance and wind variables reflecting increases in duck abundance with northerly
winds, although confidence intervals about parameter estimates included zero ( β̂ WIND =
19,830 [90% CI: -2,523–42,183]; β̂ WINDDIR = 60,964 [90% CI: -17,695–139,623]).
Correlations among covariates in the model set confounded interpretation of
results. Specifically, NTEMP was correlated negatively with TEMP_D (r = -0.545),
WINDDIR (r = -0.750), WIND (r = -0.770), and SNOW (r = -0.716). Furthermore,
TEMP_D and SNOW were correlated positively (r = 0.599).
Discussion
Bias Correction

Visibility bias is a pervasive source of error in aerial surveys and should be
acknowledged and accounted for when designing a survey (Pollock and Kendall 1987). I
evaluated a model-based correction method and found the model increased variance of
abundance estimates by an average of 48% for diving ducks to 61% for mallards.
Despite added variance, bias-corrected estimates were more accurate than population
indices (MSE[ N̂ ] < MSE[ Iˆ ]) for all surveys. Thus, the benefit of reducing bias offset
the reduction in precision of abundance estimates.
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The magnitude of bias correction varied temporally and by species and duck
groups because factors influencing bias correction (i.e., percentage of ducks observed in
forested wetlands and group size) differed among species and duck groups as well as
survey. I observed a strong correlation between estimates of indices and abundances for
all species and duck groups, suggesting these sources variation had minimal impact on
perceived bias. Bias correction was relatively invariant to the observed range of factors
used to correct visibility bias; therefore, indices provided a reliable measure of relative
abundance in this instance. Reinecke et al. (1992) reached a similar conclusion when
they found population indices of mallards in the MAV were robust to variation in habitatspecific visibility bias.
Precision

I achieved the goal for precision of estimates (CV ≤ 15%) most consistently when
I combined all duck species into one group (i.e., total ducks). Among species or groups, I
estimated mallards more precisely than other groups and attained the precision goal in
half of surveys. I expected this result because mallards were the species of primary
interest during survey planning and expected distributions of mallards influenced
placement of strata boundaries. The level of precision for mallards attained in my study
was an improvement over previous winter surveys (Reinecke et al. 1992), yet further
research is needed to obtain precise estimates of other dabbling and diving ducks,
especially at the level of species. If precise estimates of individual species of ducks and
geese were attainable from aerial transect or other sampling surveys, current procedures
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for mid-winter inventories could be modified to derive true estimates rather than indices
of winter waterfowl abundance (Eggeman and Johnson 1989, Heusmann 1999).
Overall, I achieved slightly greater precision of estimates from surveys conducted
in late (January–February) rather than early winter (November–December). For example,
I met precision goals for mallards in 4 of 7 surveys in late winter. Reinecke et al. (1992)
recorded a greater difference in precision of mallard population indices between early and
late winter 1988–1990 in the MAV. Thus, I infer the strategy to manipulate high-density
stratum boundaries and optimize allocation of effort in my survey methodology
decreased the disparity in precision between early- and late-winter surveys.
Two additional days of sampling effort produced a 2% decrease in CV for
mallards and total ducks and a 3% decrease in CV for other dabbling and diving ducks.
The additional 2 days of surveys allowed me to meet precision goals in 29% of estimates
of duck abundance where precision goals were met ultimately in a 5-day survey. Thus,
extra survey days provided a tangible benefit in certain situations. Based on these results,
I recommend implementing a 2-phase adaptive approach similar to the design this project
(Brown 1999). Survey practitioners would complete an initial 3-day survey and then
determine precision of abundance estimates to decide if and where extra effort is
warranted (based on overall and stratum CVs). An advantage of this strategy would be to
minimize the risk of not surveying transects in all strata (i.e., an incomplete survey).
Application

Traditionally, population surveys are conducted to describe and quantify
dynamics of animal abundance within and among years. I found that peak abundances
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did not occur consistently during early January when mid-winter waterfowl inventories
are routinely conducted. Combining data across winters, I observed more mallards and
other dabbling ducks in late than early winter. Within late winter, I did not detect a
difference in abundances of mallards or other duck groups between early January and late
January–mid-February. Thus, greatest abundances of mallards and other dabbling ducks
occurred after the first of the year, whereas diving duck abundance showed a relatively
static pattern throughout winter. This type of information can provide guidance to state
agencies responsible for scheduling waterfowl hunting seasons. Quantification of
dynamics of waterfowl abundance also has implications for habitat conservation and
management if temporal objectives for ducks and habitat were implemented (e.g., Wilson
and Esslinger 2002). For example, if greatest abundances of waterfowl in Mississippi
generally occur in January and early February, managers should ensure abundant food
and wetland availability during this period and not flood all managed areas in early
winter.
Survey results also provided information regarding trends in duck abundance
among years. Using estimates of mallard population indices for comparisons, I found
evidence of decreased numbers of mallards in western Mississippi during winters 2002–
2004 compared to 15 years previously (Reinecke et al. 1992). This trend toward
decreasing mallard numbers apparently has occurred throughout the MAV, but
occurrence of the greatest declines in the southern MAV suggests a northward shift in
distribution within and beyond the MAV (Reinecke et al. 2006). Factors influencing
these patterns are unknown and may include loss of quality foraging habitat, climate
change, and increased human disturbance. Insights into long-term trends in population
53

dynamics are not possible without a rigorous monitoring program such as used in this
study. This application also has utility for conservation planners (e.g., LMVJV)
interested in maintaining historical distributions of ducks or comparing population
responses to objectives and goals.
Another application of survey data is the analysis and display of observations of
ducks to represent graphically their spatial distributions over time. These time-specific
distribution maps depict relative densities of ducks observed across the survey region. I
completed distribution maps for mallards and total ducks for all 14 surveys (Appendix
B). Generally, high concentrations of mallards occurred in the northeastern portion of the
study area and relatively lesser concentrations were observed in the southern portion with
few exceptions (e.g., 9–13 February 2004). For total ducks, the pattern was similar
except for high numbers of diving ducks associated with aquaculture ponds in the central
portion of the study area during most surveys. I was able to create these graphics because
of the random sampling aspect of the survey protocol and collection of spatial locations
for each group of ducks observed during surveys. State agencies can use spatial
distributions to inform the public regarding time-specific concentrations of waterfowl
resources. For example, the Mississippi Department of Wildlife, Fisheries, and Parks
desplays spatial distributions of wintering ducks on their website soon after conducting
surveys (www.mdwfp.com). Further uses could include understanding factors
influencing patterns in distribution (e.g., Chapter V, Pebesma et al. 2005), guiding habitat
conservation efforts, and assisting wildlife enforcement agents in locating concentrations
of waterfowl and potential occurrences of hunting violations (e.g., Gray and Kaminski
1994).
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As a final application of survey results, I modeled variation in estimates of
abundance of total ducks. This exercise illustrated how survey results can be used as a
response variable to test ecological hypotheses. In this example, I found the data
supported models predicting relationships between covariates associated with energy
conservation more than models describing energy acquisition. Similar to findings from
analysis of band recovery data (Nichols et al. 1983), duck abundance was correlated
negatively with ambient temperatures. Colder temperatures at northerly latitudes relative
to temperatures in western Mississippi correlated positively with duck abundance,
suggesting, as this temperature differential increases, ducks may perceive southerly
latitudes as having greater environmental suitability, stimulating duck movements to such
regions. Only one competing model included covariates associated with food acquisition
and, in this model, revealing that increased snow cover at northern latitudes was
associated positively with duck abundance in Mississippi. Other models describing
potential food availability as indexed by wetland availability (i.e., energy acquisition)
were not supported by my data; however, ducks require diverse wetlands rich in food
resources to survive and meet physiological and behavioral needs during winter
(Baldassarre and Bolen 2006:249–275). I acknowledge this modeling exercise was
hampered by small sample size and thus my inferences are limited. Continued population
monitoring in the study area and updated modeling from ongoing and future surveys
would increase analytical power leading to more reliable and apparent results.
Nonetheless, my modeling analysis provided the first comprehensive investigation of
temporal variation in abundance of wintering ducks at the landscape scale within a major
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portion of the MAV relative to a suite of climate and habitat factors operating within and
outside this study area that may influence energetics and survival of migratory waterfowl.
Based on this evaluation, I concluded that this aerial survey design met
expectations and will serve the Mississippi Department of Wildlife, Fisheries, and Parks
well. I recommend conducting 3–5 surveys per winter for continued monitoring of ducks
in western Mississippi. This level of monitoring will adequately describe winter
dynamics of duck abundance. Indeed, continued monitoring of waterfowl resources is a
critical component of the overall conservation and management of waterfowl populations
and habitats in western Mississippi.
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Table 3.1. Abundances ( N̂ ), standard errors (SE), and coefficients of variation (CV) for mallards, other dabbling ducks, diving
ducks, and total ducks estimated from aerial surveys conducted in western Mississippi during winters 2002–2004.
Mallards
a

b

Survey

n

1

Other dabbling ducks

61

146

SE
N̂
118,317 19,068

CV

CV

0.16

32,309

0.21

2

178

321,299 33,677

0.10

153,101
231,514 25,023

0.11

3

103

343,218 40,990

0.12

212,084 27,517

4

80

127,612 52,984

0.42

5

108

109,013 20,479

6

117

7

Total ducks

SE

CV

19,615

104,242
99,019 17,559

0.19

SE
CV
N̂
375,660 54,048 0.14

0.18

651,832

57,069

0.09

0.13

71,020 15,674

0.22

626,322

67,582

0.11

116,417 22,486

0.19

70,352 18,652

0.27

314,381

73,141

0.23

0.19

12,372

0.19

29,851

0.33

265,570

43,788

0.16

120,936 15,704

0.13

0.16

323,723

40,678

0.13

121,228 22,481

0.19

83,643 18,451
91,509
16,697

0.22

84

119,144 19,139
65,048
22,555

0.22

296,477

47,399

0.16

8

125

183,998 18,163

0.10

0.23

368,323

36,269

0.10

9

118

336,309 45,927

0.20

572,425

59,934

0.10

10

84

11

N̂

SE

Diving ducks

0.23

N̂

0.13

0.14

124,752 16,575
97,963
168,270 20,087

0.12

59,573 13,853
77,286
67,846 13,272

101,938 18,991

0.19

138,096 32,140

0.23

67,308 17,505

0.26

307,342

52,188

0.17

123

131,416 18,014

0.14

183,492 28,922

0.16

83,733 18,492

0.22

398,641

48,755

0.12

12

83

203,719 34,718

0.17

34,310

0.20

29,126

0.27

479,499

71,597

0.15

13

100

80,074 12,189

0.15

55,578

0.20

21,922

0.19

480,135

70,668

0.15

169,275

106,505

14
89
72,839 12,099 0.17 283,663
33,295 0.13 116,398
23,124 0.21
434,182 52,331 0.12
a
251,228
110,115
Dates conducted: Survey 1, 9-17 December 2002; Survey 2, 8-13 January 2003; Survey 3, 28 January – 2 February 2003;
Survey 4, 17-21 November 2003; Survey 5, 2-6 December 2003; Survey 6, 18-22 December 2003; Survey 7, 5-9 January 2004;
Survey 8, 26-30 January 2004; Survey 9, 9-13 February 2004; Survey 10, 3-7 December 2004; Survey 11, 17-21 December 2004;
Survey 12, 3-5 January 2005; Survey 13, 24-27 January 2005; Survey 14, 10-12 February 2005.
b
n = number of transects sampled.

Table 3.2. Population indices ( Iˆ ), standard errors (SE), and coefficients of variation (CV) for mallards, other dabbling ducks,
diving ducks, and total ducks estimated from aerial surveys conducted in western Mississippi during winters 2002–
2004.
Mallards

Other dabbling ducks
SE
CV
Iˆ

62

146

SE
Iˆ
84,569 14,013

0.17

112,492

24,540

2

178

230,815 21,582

0.09

174,602

3

103

244,049 28,305

0.12

4

80

78,211 28,937

5

108

6

117

7

Diving ducks

Total ducks

SE

CV

0.22

Iˆ
76,999

0.19

SE
Iˆ
274,060 39,642

14,683

0.14

18,335

0.11

73,045

13,518

0.19

478,462 37,153

0.08

155,883

18,195

0.12

50,474

10,535

0.21

450,406 43,605

0.10

0.37

84,956

15,975

0.19

54,387

14,882

0.27

217,554 43,806

0.20

72,556 12,188

0.17

44,569

8,056

0.18

69,675

22,039

0.32

186,800 29,267

0.16

81,133

9,767

0.12

86,540

14,011

0.16

60,778

13,840

0.23

228,451 27,428

0.12

84

77,826 11,153

0.14

71,645

16,588

0.23

55,347

11,683

0.21

204,818 28,996

0.14

8

125

129,652 11,681

0.09

91,797

11,784

0.13

43,174

10,021

0.23

264,623 22,656

0.09

9

118

227,364 24,843

0.11

123,985

14,117

0.11

50,485

10,683

0.21

401,834 32,833

0.08

10

84

71,077 14,101

0.20

100,138

24,624

0.25

50,320

13,198

0.26

221,535 38,540

0.17

11

123

93,781 13,325

0.14

135,237

20,790

0.15

61,937

14,282

0.23

290,955 34,335

0.12

12

83

142,438 24,036

0.17

113,751

22,070

0.19

66,986

17,866

0.27

323,175 45,495

0.14

13

100

0.12

194,956

39,866

0.20

72,965

12,253

0.17

316,486 46,232

0.15

Surveya

nb

1

48,565

5,994

CV

CV

14
89
46,344 5,650 0.12
162,944 20,386 0.13
71,909 15,009 0.21
281,197 28,672 0.10
a
Dates conducted: Survey 1, 9-17 December 2002; Survey 2, 8-13 January 2003; Survey 3, 28 January – 2 February 2003;
Survey 4, 17-21 November 2003; Survey 5, 2-6 December 2003; Survey 6, 18-22 December 2003; Survey 7, 5-9 January 2004;
Survey 8, 26-30 January 2004; Survey 9, 9-13 February 2004; Survey 10, 3-7 December 2004; Survey 11, 17-21 December 2004;
Survey 12, 3-5 January 2005; Survey 13, 24-27 January 2005; Survey 14, 10-12 February 2005.
b
n = number of transects sampled.

Table 3.3. Coefficients of variation for estimated abundances of mallards, other dabbling ducks, diving ducks, and total ducks
estimated from aerial transect surveys conducted for 3 and 5 days in western Mississippi, winters 2002–2004.
a

Mallards

63

Survey

3-day

5-day

1
2
6
8
9
11
x

0.18
0.16
0.16
0.12
0.14
0.15

0.16
0.10
0.13
0.10
0.14
0.14

Other dabbling ducks
b

Diff

3-day

5-day

Diff

Diving ducks
3-day

5-day

Total ducks
Diff

3-day

5-day

Diff

0.02
0.25
0.21
0.04
0.19
0.00
0.17
0.14
0.03
0.06
0.15
0.11
0.04
0.18
0.04
0.12
0.09
0.03
0.19
0.03
0.18
0.16
0.02
0.22
0.06
0.14
0.13
0.01
0.22
0.02
0.16
0.13
0.03
0.23
0.05
0.12
0.10
0.02
0.28
0.20
0.00
0.10
0.10
0.00
0.00
0.14
0.12
0.02
0.28
0.01
0.19
0.16
0.03
0.22
0.04
0.14
0.12
0.02
0.20
0.02
0.03
0.03
0.02
0.26
a
Dates conducted: Survey 1, 9-17 December 2002; Survey 2, 8-13 January 2003; Survey 6, 18-22 December 2003; Survey 8, 2630 January 2004; Survey 9, 9-13 February 2004; Survey 11, 17-21 December 2004.
b
Diff = CV(3-day) – CV(5-day).

Table 3.4. Candidate models developed to explain variation in estimates of total duck
abundance from 14 surveys conducted in western Mississippi, winters
2002–2004.
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TEMP_D

Research
hypothesisb
1

4

373.4

NTEMP

1

4

SNOW

2

WIND

wi

r2

0.0

0.409

0.61

375.6

2.2

0.135

0.47

4

375.8

2.4

0.121

0.57

1

4

376.2

2.8

0.102

0.20

WINDDIR

1

4

376.7

3.3

0.080

0.25

NTEMP∆

1

4

378.4

5.0

0.034

0.28

MSPRECIP

2

4

378.5

5.1

0.032

0.35

BARPR∆

2

4

378.7

5.3

0.029

0.36

RIVER

2

4

378.8

5.3

0.028

0.37

NTEMP+NTEMP∆

1

5

379.8

6.4

0.017

0.45

SNOW+RIVER

2

5

380.9

7.5

0.010

0.58

Model namea

AICc

∆AICc

RIVER+RIVER∆
2
5
383.8
10.4
0.002
0.34
See methods for description of variable acronyms.
b
Research hypothesis 1: Factors that maximize energy conservation drive migration and
distribution of non-breeding ducks. Research hypothesis 2: Factors that maximize
energy acquisition drive migration and distribution of non-breeding ducks.
c
Number of estimated parameters
a
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Figure 3.1

SE

Major strata (i.e., NE, NW, SE, and SW) of study area within the
Mississippi Alluvial Valley (gray) where aerial surveys of wintering
waterfowl were conducted in winters 2002–2004.
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CHAPTER IV
A COMPARISON OF AERIAL SURVEY DESIGNS FOR MONITORING
MALLARD POPULATIONS IN WESTERN MISSISSIPPI
Accurate estimates of population size are vital for conservation and management
of wildlife populations (Lancia et al. 2005). For example, conservation plans for
waterfowl, other harvested species, and imperiled species often use population size to
express objectives and as a criterion for progress and success (U.S. Department of
Interior and Environment Canada 1986, Gerber and Hatch 2002). This suggests that
researchers should develop rigorous methods to estimate abundance of wildlife
populations across their range.
Estimating abundance of wildlife by aerial transect sampling has an extensive
history and prominent role in natural resource conservation (Pospahala et al. 1974,
Norton-Griffins 1975, Caughley 1977a). Successful aerial surveys require making good
decisions regarding basic sampling design (e.g., stratification and clustering), allocation
of sampling effort, data collection protocols, and method of estimation (Norton-Griffins
1975, Caughley 1977b). Choosing an appropriate sampling strategy is critical because it
influences precision and bias of estimated parameters. In many instances, an effective
and efficient sampling plan is not apparent, especially when prior knowledge of the
spatial and temporal distributions of the focal population is variable or unknown (Krebs
1999).
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Assessing the efficiency of sample designs for field studies is difficult. Some
researchers have conducted direct empirical comparisons (e.g., Caughley et al. 1976,
Pople et al. 1998, Jachmann 2002); however, this approach is costly and subject to
confounding factors. Simulation is a viable option for determining performance of
sampling methods because it allows comparison among different survey designs without
expending costly resources. Simulation has been used to compare experimental sampling
designs, determine reliability of sample designs, and estimate sample size requirements
(e.g., Smith et al. 1995, Zielinski and Stauffer 1996, Christman 1997, Brown 1999,
Khaemba et al. 2001).
In this study, I focused on estimating population size of mallards (Anas
platyrhynchos) in western Mississippi during winter. Mallards are popular game birds in
North America and their population status often is used as a surrogate for the
conservation of other North American duck species (e.g., Johnson and Moore 1996,
Reinecke and Loesch 1996, Johnson et al. 1997). Currently, few winter surveys of
mallards use probability sampling, and data from such surveys have been used sparingly
for the conservation of waterfowl populations and their habitats (Eggeman and Johnson
1989). Estimating population size of mallards in winter is challenging because their
distributions are clumped, winter habitats are dynamic, and temporally varying
environmental factors affect their distribution (Nichols et al. 1983, Reinecke et al. 1992).
In Chapter III, I evaluated a survey to estimate population size of mallards in western
Mississippi using stratified random sampling of fixed-width transects. For most surveys,
this design estimated population indices (i.e., totals not corrected for visibility bias) with
acceptable precision (coefficient of variation [CV] ≤ 15%). However, further analysis
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was needed to identify elements of the sampling design responsible for achieving desired
precision and determine whether alternative designs would provide estimates with
improved precision or equal precision at lesser costs.
Simulation can provide important insights regarding the efficiency of sample
designs and thereby increase the value of future efforts (Verma et al. 1980). To compare
efficiency of sampling plans comprising different combinations of design elements, I
simulated surveys of hypothetical or test populations of mallards. I constructed test
populations using data from field surveys (Chapter III) to represent distributional patterns
of mallards and data from analysis of satellite images to represent available habitat.
Specifically, my objectives were to 1) use simulation to compare the statistical efficiency
and cost-effectiveness of survey designs and their components, and 2) identify the most
efficient survey design(s) for estimating abundance of mallards in western Mississippi.
Results of this study will provide guidance regarding the design and implementation of a
long-term monitoring program for wintering mallards and other waterfowl in western
Mississippi and elsewhere.
Study Area
The Mississippi Alluvial Valley (MAV) is a continentally important region for
migrating and wintering waterfowl in North America (Reinecke et al. 1989). The MAV
is the floodplain of the lower Mississippi River, covering 10 million ha and portions of 7
states (MacDonald et al. 1979). Historically, the MAV was an extensive bottomland
hardwood forest composed of various hard and soft mast producing trees that provided
important forage and other habitat resources for waterfowl and other wildlife
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(Fredrickson et al. 2005). Extensive landscape changes occurred during the 20th century,
and large portions of the MAV were cleared of trees and used for agricultural production.
One consequence of these landscape changes was that flooded agricultural fields (e.g.,
rice, soybean) replaced natural foraging habitats for several species of wintering
waterfowl (Reinecke et al. 1989, Stafford et al. 2006). My study area encompassed most
of the MAV within the state of Mississippi and was bounded to the south and east by the
hills of the lower Mississippi River Valley (Figure 4.1). This region of western
Mississippi included 1.9 million ha.
Methods
Design of Field Surveys
I used stratified random sampling to estimate indices of mallard abundance in
western Mississippi. First, I delineated 4 strata using selected highways as boundaries
with the joint objective of satisfying reporting needs of management agencies and
separating areas differing in mallard density and available habitat. Then, I delineated
selected areas with the greatest expected mallard densities as a fifth stratum from which I
could select disproportionately large samples to increase precision of population
estimates. The fifth stratum included non-contiguous portions of the first 4 strata (Figure
4.1A). I allowed location and size of the fifth stratum to vary conceptually, and I
determined its final configuration before each survey to reflect current habitat conditions
and the expected density and distribution of mallards (see Appendix A for additional
examples). I designated transects as the sample unit, positioned transects in an east-west
orientation, and placed them 250 m apart to create a sample frame for the study area.
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Before each survey, I randomly selected transects with replacement and probability
proportional to length (Caughley 1977b, Reinecke et al. 1992). I allocated sample effort
(i.e., cumulative length of transects) among strata using the Neyman method, wherein
sampling effort is proportional to total effort, stratum size, and the variability of mallard
densities among transects within strata (Neyman 1934).
I conducted surveys using methods similar to Reinecke et al. (1992). A pilot
experienced in flying aerial waterfowl surveys navigated transects in a fixed-wing aircraft
(Cessna 172) at a constant altitude of 150 m using a global positioning system (GPS)
receiver. The observer occupied the right front seat and determined transect boundaries
with marks placed on the wing strut and window (Norton-Griffins 1975). For each
transect, the observer recorded the number and GPS location of observed mallards and
the wetland type occupied by each group. I estimated population indices from sums of
mallards counted in transects and transect-specific sample weights using the
SURVEYMEANS procedure of SAS version 9.1 (SAS Institute 2003). I specified the
stratification scheme of the survey to estimate appropriate variances and did not include a
finite population correction (FPC) because sample units were chosen with replacement. I
selected data from 3 surveys (8–13 January 2003, 5–9 January 2004, and 24–27 January
2005) for this analysis because corresponding cover type data were available.
Test Populations
To compare selected sampling strategies, I created test populations of mallards
representing their observed abundance and distribution across the study area. I
performed this task by analyzing data collected during 3 field surveys to estimate selected
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parameters for modeling test populations. Thus, my procedure differed from approaches
that derived hypothetical populations from theoretical models (e.g., Christman 1997,
Brown 1999) but was similar to those that created populations from observations instead
of generalized scenarios (e.g., Khaemba et al. 2001). Nevertheless, my approach
included stochastic processes and sufficient randomization to create multiple populations
with the same procedure. Because this procedure was based on data from field surveys
and excluded mallards potentially present on transects but not detected by observers,
estimates of abundance should be interpreted as population indices rather than measures
of absolute abundance (Seber 1982:458, Reinecke et al. 1992). Reducing the variance of
this index is advantageous independent of detectability because it is a component of the
variance of absolute abundance (Smith et al. 1995). Furthermore, absolute abundance
can be estimated from population indices if visibility rates are known or estimated (e.g.,
Chapter II).
I assumed mallards were gregarious during winter (Drilling et al. 2002) and
accounted for this behavior by using 2 probability functions representing 1) probability of
a group occurring at a point in space, and 2) number of individuals comprising a group. I
estimated number of groups to distribute over the study area from field survey data
(5,816 groups in 2003; 3,726 in 2004; 2,871 in 2005). Field survey data indicated
mallards in western Mississippi used seasonal and permanent wetlands but rarely, if ever,
used dry land sites (A. T. Pearse, unpublished data). Thus, I did not consider dry land as
potential habitat (P[occupancy] = 0; Fleskes et al. 2003:795) and used presence of surface
water classified from satellite images (described below) to represent the extent and spatial
arrangement of wetland types. Finally, because mallards selected wetland types
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disproportionately and selection varied among survey strata (Chapters III & V), I
included these probabilities in the creation of test populations.
The Southern Regional Office of Ducks Unlimited, Inc. (Ridgeland, MS)
provided spatial data layers representing potential mallard habitats during January 2003–
2005 (C. Manlove, Southern Regional Office, Ducks Unlimited, Inc., Ridgeland,
Mississippi, USA, unpublished data). The primary data layers represented land cover and
presence of surface water. Land cover maps were compiled each year from a
combination of National Agriculture Statistics Service data and distribution of forest
cover from several sources (C. Manlove, Southern Regional Office, Ducks Unlimited,
Inc., Ridgeland, Mississippi, USA, unpublished data). Area and distribution of all
surface water in winter were classified from Landsat-5 Thematic Mapper images;
permanent and seasonal winter wetlands were separated by analyzing an image from
summer 2001 and classifying all water present at the time as permanent. I used the
combined land cover and surface water layers to represent potential mallard habitat
available on 4 January 2003, 30 December 2003, and 17 January 2005. I converted the
raster wetland data to vector data by generating points centered on a 30×30-m grid
overlying the raster. Then, I joined the data set of wetland points with the stratum
boundaries to associate points with stratum units.
For this analysis, I classified wetland types into 8 categories: flooded soybean
field, flooded rice field, other flooded croplands, seasonal emergent wetland, forested
wetland, aquaculture ponds, Mississippi River channel, and other permanent wetlands. I
defined flooded crops as areas cultivated during the previous growing season and
inundated with surface water during the survey period. Seasonal emergent wetlands
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included non-agriculture wetlands dominated by herbaceous plants (e.g., moist-soil
wetlands; Fredrickson and Taylor 1982). Forested wetlands included all wetlands
dominated by woody plants including scrub-shrub and bottomland hardwood forests
(Fredrickson et al. 2005). I considered wetlands permanent if surface water was present
during the summer satellite scene. I classified all permanent wetlands including ponds,
rivers, streams, and lakes into one category with 2 exceptions. I created a separate
category for aquaculture ponds, predominately used to culture channel catfish (Ictalurus
punctatus, Wellborn 1987). I identified the Mississippi River channel as a separate
category but did not consider it available habitat because I saw few waterfowl using the
channel during surveys.
The preceding procedure generated 2.9, 3.2, and 4.4 million points potentially
occupied by mallard groups in January 2003, 2004, and 2005. I accounted for the
disproportionate occurrence of mallards at these points with an unequal probability
sampling procedure. First, I used data from the 3 field surveys to calculate proportional
use of wetland types by survey stratum and compared these estimates to proportional
availability. Then, I used the ratio of these values (i.e., resource selection indices;
Manley et al. 1993) as the size variable for sampling points with probability proportional
to size (PPS) with the SURVEYSELECT procedure (SAS Institute 2003). Hence,
wetland types for which mallards exhibited positive selection had larger size variables
and were selected more frequently by simulated mallards than wetlands where use was
less than or equal to availability. I analyzed use and availability data by year rather than
averaged across years so that test populations reflected annual variation in wetland
availability and use.
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After generating group distributions, I determined the number of individuals
comprising groups. Analysis of survey data indicated group sizes followed a log-normal
distribution, and wetland type and survey stratum influenced mean group size. Using
log-transformed values, I calculated means and standard deviations of group sizes for all
wetland type and stratum combinations. For occupied points, I selected a group size from
log-normal distributions based on wetland- and stratum-specific means and standard
deviations.
I evaluated test populations derived from my modeling process by determining if
they were consistent with observed data from field surveys. I generated 1,000
populations each year, determined the true population index for each replicate by
summing mallard numbers, calculated mean population indices over the 1,000 replicates
within years, and compared these to estimates from field surveys. I also compared mean
use of wetland types and survey strata by groups and individuals between test populations
and field surveys. I calculated proportional use by dividing number of groups or
individuals within a wetland type or survey stratum by total number simulated or
observed during field surveys. Additionally, I performed 500 iterations of re-sampling
transects with replacement for each year (methods described below) using sample designs
used during the 3 field surveys that provided data for creation of test populations. I
compared the mean CVs from the simulated surveys with those from the field surveys.
Simulated Population Surveys
I generated 30 test populations for each year to compare precision of surveys with
different sample designs. For each survey design, I used a geographic information
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system (GIS) to overlay the sample frame of potential transects on the test populations
and joined the 2 spatial data layers. This procedure calculated number of mallards in all
transects in the sample frame. I imported this database into SAS version 9.1 and
developed a macro to sample transects iteratively from the frame and estimate population
indices appropriate to the selected survey design (i.e., Monte Carlo simulation; Hilborn
and Mangel 1997, SAS Institute 2003). Using this macro, I generated 500 replicates for
each combination of candidate survey design, test population, and year and retained
estimates of population indices, their variances, and CVs for subsequent analyses.
Primary survey designs. All survey designs considered were in the general
framework of stratified random sampling. The first primary design feature I investigated
was effect of modifying stratum boundaries, specifically the extent and location of the
fifth or high-density stratum. I compared 1) my original configuration with 5 strata
wherein the fifth stratum comprised multiple and non-contiguous segments (ORIG;
Figure 4.1A), 2) a configuration with 5 strata wherein the fifth stratum included only the
largest segment located in the northeast portion of the study area (NE-H, Figure 4.1B),
and 3) a configuration including only the first 4 strata and excluding the fifth (ST4;
Figure 4.1C).
I also compared precision of estimates from the preceding designs when using
proportional allocation versus an optimal method (i.e., Neyman) to allocate sample effort
among strata. In theory, precision of estimates from optimal allocation will equal or
exceed those from proportional allocation if stratum standard deviations are known (Lohr
1999). I used means of estimated standard deviations from surveys conducted during late
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December through late January in winters 2002–2004 (n = 9) to compare optimal and
proportion allocations (Table 4.1).
The last primary design option I investigated was probability of transect selection.
In my original design, I selected transects with replacement and PPS. This strategy is
efficient when there is a strong correlation between the variable of interest and size of
sample units (Lohr 1999). Conversely, equal probability sampling (EPS) may perform as
well as PPS if there is a weak or no correlation between the number of mallards per
transect and transect size.
I compared the 12 primary survey designs using hypothetical 5-day aerial surveys.
Available data indicated a survey with 5 days of sampling provided adequate precision
for most situations (Reinecke et al. 1992, Chapter III). Based on my experience, I could
expect to survey 850 km of transects/d. Thus, I selected transects with a cumulative
length of 4,250 km for each survey design. This approach enabled me to compare
precision among designs of equal cost. I used a randomized complete block analysis of
variance (ANOVA) to compare precision among designs (PROC MIXED; SAS Institute
2003). The response variable for analysis was the mean CV of population indices
estimated from 500 replicate samples for each survey design, test population, and year
combination. I used the CV to measure precision rather than the variance because it
quantified the relative variability of abundance estimates independent of population size.
The treatment of interest was the candidate survey design (12 levels). I treated the 30 test
populations each year as blocks because each population was sampled with each survey
design. I included year and the interaction between year and survey design as random
effects so I could apply inferences to years generally. Because my objective was to find
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the most precise and parsimonious design among the 12 alternatives, I performed a priori
contrasts to compare the most precise design with each of the 11 others.
Secondary design options. After identifying the most efficient primary survey
design, I considered 2 secondary options with potential to increase precision. I only
investigated benefits of secondary options with the most efficient design because
combining secondary options with all 12 primary designs would have resulted in an
unnecessarily large number of simulations and designs to compare.
All primary designs included one observer and a transect width of 250 m,
although the aircraft had space for a second observer to sit behind the pilot and count
mallards on the other side of the plane to effectively double the width of transects. As a
secondary option, I compared precision of estimates from simulated 250- and 500-m
transect widths to determine the potential cost effectiveness of including 2 observers. For
this evaluation, I simulated another 500 replicates of the most efficient primary survey
design for each of the 30 test populations and used a sample frame with transects 500 m
in width rather than 250 m.
As another secondary option, I considered ratio estimation as a way to improve
precision (Lohr 1999:62). Ratio estimation can increase precision of parameter estimates
by relating a variable of interest to an auxiliary variable measured for each sample unit.
When creating test populations, I assumed mallards were associated with flooded sites,
especially seasonal wetlands. If numbers of mallards and area of shallow surface water
on transects were correlated, using that information might provide better estimates of
mallard numbers. I used the SURVEYMEANS procedure to estimate ratios of mallards
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to seasonal wetland area and their associated variances (SAS Institute 2003). I estimated
total mallard numbers by multiplying the estimated ratios by the known area of seasonal
wetlands and the variances of mallard numbers by multiplying variances of the ratios
times the wetland area squared. I only considered a single ratio computed across all
strata (i.e., combined ratio estimator) and not separate ratios calculated for each stratum
because the separate ratio estimator can be biased when estimated using small sample
sizes (Cochran 1977:162).
Because adding a second observer or incorporating auxiliary information involved
additional costs, I developed a function to calculate costs of varying sample effort of the
primary design and secondary options. The function calculated cost as a sum of daily and
hourly costs. I assumed costs were $115/h for aircraft and pilot services, $160/d for
salary of one observer ($20/h, 8 h work day), and $300/d for flight time among transects
and between the study area and airport of origin (i.e., dead-head time). Thus, one full day
of sampling (850 km) cost $1,115.50 for one observer and 5.7 h of flying transects at 150
km/h, and a complete 5-day survey cost $5,577.50. I doubled observer cost to $320/d
when calculating the cost of surveys including 2 observers. The total cost to purchase
satellite images and extract auxiliary habitat data was approximately $10,000 per survey
(C. Manlove, Southern Regional Office, Ducks Unlimited, Inc., Ridgeland, Mississippi,
USA, personal communication).
To determine costs and benefits of including a second observer, I compared
surveys with and without the second observer while controlling sampling effort (i.e., 5day survey), cost (i.e., $5,577.50), and precision (i.e., CV = ~11%; see Results for
details). For ratio estimation, because the cost of purchasing satellite imagery solely for
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survey purposes exceeded the base survey costs, comparing surveys of equal cost was
impossible. Therefore, I compared surveys with and without ratio estimation at equal
sampling effort and precision and interpreted the cost difference as the amount an
organization would be justified in spending to purchase data as part of a joint effort. I
analyzed secondary options using an ANOVA similar to the analysis of primary sampling
designs, where the survey design was the treatment of interest, test population was a
blocking variable, and the effects of year and interaction between year and survey design
were random effects. I performed t-tests to compare means between the best primary
sampling design and each secondary option. I designated a Type I error rate of α = 0.05
for all significance tests.
Results
Evaluation of Test Populations
The estimated population index from the field survey in early January 2003 was
217,712 mallards (95% CI: 176,217–259,207; Chapter III), and mean abundance over
1,000 simulated test populations (216,649; range = 204,507 – 227,101) differed by only
0.5%. For the January 2004 survey, I estimated 77,826 mallards (95% CI: 55,966–
99,686), and the mean abundance of test populations was 76,582 (72,775–81,095;
difference = -1.6%). The population index for January 2005 was 48,565 mallards (95%
CI: 36,817–60,313), and the mean abundance of test populations was 48,828 (44,900–
54,069; difference = 0.5%). Thus, differences between estimates from field surveys and
the mean size of test populations ranged from 0.5–1.6%, and estimates from test
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populations were within 95% confidence intervals of estimates from field surveys in all
years.
My evaluation also indicated the distribution of mallards among wetland types
and survey strata was consistent between field surveys and test populations. For groups
of mallards, differences in use of wetland types and survey strata between estimates from
field surveys and means for 1,000 test populations averaged 3.1% with a maximum of
8.1% (Table 4.2). For individuals, differences in use of wetland types and survey strata
between estimates from field surveys and means from test populations averaged 2.9%
with a maximum of 10.0% (Table 4.3).
Precision of population indices estimated from field surveys was similar to the
mean precision of estimates from simulated surveys having the same sample design and
effort. In January 2003, the CV of the population index from the field survey was 9.7%
and the mean CV from simulated surveys of 30 test populations was 9.2%. The CV from
the field survey in January 2004 was 14.3% and the mean from simulations was 13.5%.
Similarly, the CV from the January 2005 field survey was 12.3% and the mean from
simulations was 13.0%.
Primary Survey Designs
Mean number of transects selected varied among the 12 survey designs (Table
4.4). I selected the least transects (n = 120) using ST4 stratification with PPS sampling
and optimal allocation and the most transects (n = 198) for ORIG stratification with EPS
sampling and optimal allocation. Mean survey effort across survey designs was 4,334
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km and exceeded the intended effort of 4,250 km by 84 km (Table 4.4). The range of
mean sample effort was 14 km among survey designs.
I calculated Pearson correlation coefficients between mallard numbers and
transect lengths for each stratification scheme over the sample frames for all 90 test
populations. Averaged across years, correlations between mallard numbers and transect
lengths were positive weakly for NE-H ( R = 0.239, SE = 0.012) and ORIG ( R = 0.248,
SE = 0.004) stratifications and somewhat stronger for ST4 stratification ( R = 0.338, SE =
0.022).
Results from the ANOVA indicated survey designs accounted for significant
variation in CVs as a metric for the precision of population estimates (F11,22 = 12.51, P ≤
0.001). The NE-H stratification with PPS sampling and optimal allocation had the least
least-squared mean CV of 11.12% (Table 4.4). However, pair-wise contrasts failed to
detect differences between NE-H stratification with PPS sampling and optimal allocation
and ORIG stratification with PPS sampling and optimal allocation or NE-H stratification
with EPS sampling and optimal allocation (Table 4.4). Of the random effects, the
variance associated with years was greatest ( σ̂ 2 = 3.159), whereas there was little

variation in CVs among test populations within years ( σ̂ 2 = 0.065).
As an exploratory analysis, I conducted the ANOVA as a 3-way factorial design
including main effects of stratification, allocation of sampling effort, and sample
selection and found the 3-way interaction was significant (P = 0.009). Although this
result prevented making general inferences regarding main effects, some differences
between treatments were quite consistent (Figure 4.2). Within stratification schemes,
optimal allocation performed better than proportional allocation in nearly all cases.
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Within stratification schemes and allocation methods, PPS generally performed better
than EPS. The NE-H and ORIG stratification schemes performed similarly and
consistently better than ST4 stratification.
Secondary Design Options

From the 12 primary survey designs (Table 4.4), I chose NE-H stratification with
PPS sampling and optimal allocation to determine the potential value of secondary design
options. In the ANOVA, survey design accounted for a significant portion of the
variation in CV (F4,8 = 21.83, P ≤ 0.001). Surveys including a second observer with 5
days of survey effort were more precise ( CV = 8.65%) than surveys with one observer
( CV = 11.12%; t8 = 7.74, P ≤ 0.001). After deducting one day of sample effort to
equalize survey costs, the 2-observer survey remained more precise ( CV = 9.71%) than a
5-day survey with one observer (t8 = 4.40, P = 0.002). Furthermore, a 2-observer survey
with only 3 days of effort ( CV = 11.00%) performed as well as a 5-day survey with one
observer (t8 = 0.38, P = 0.712). Thus, including a second observer would save $1,751 if a
CV of 11% is deemed adequately precise.
Correlations between number of mallards per transect and area of seasonal surface
water as an auxiliary habitat variable differed among years. The correlation between
seasonal water and mallard numbers was strongest in January 2003 ( R = 0.649, SE =
0.002), intermediate in January 2004 ( R = 0.447, SE = 0.003), and weakest in January
2005 ( R = 0.385, SE = 0.006). In contrast, correlations between mallard numbers and
total transect area were weaker and varied less among years (Jan 2003, R = 0.222, SE =
0.001; Jan 2004, R = 0.263, SE = 0.003; Jan 2005, R = 0.232, SE = 0.006).
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The estimated ratio ( B̂ ) of mallard numbers per 900 m2 of seasonal water was
greatest in January 2003 ( B̂ = 0.116), intermediate in January 2004 ( B̂ = 0.040), and least
in January 2005 ( B̂ = 0.015). Precision of population indices estimated using these
combined ratios and their variances was similar to the best of the 12 primary designs
( CV = 10.78%; t8 = 1.06, P = 0.320).
Bias

All 12 primary survey designs provided unbiased estimates of test populations.
Percentage bias [100*(N – N̂ )/N)] averaged 0.3% across all years and survey designs.
The ST4 stratification with PPS sampling and optimal allocation had the largest bias
(0.7%) for simulations with one observer, but simulations of this design for 3- and 5-day
surveys with 2 observers had little bias (3-day, 0.5%; 5-day, 0.4%). Unlike estimators for
the primary designs, ratio estimators are statistically biased, although bias is minimal
when there is a high correlation between the auxiliary variable and variable of interest.
Percentage bias for 5-day surveys using combined ratio estimation was minimal (0.7%).
Discussion
Evaluation of Test Populations

Inferences from my analyses depended on the extent to which test populations
represented real populations, and the first phase of my analysis verified that estimates and
parameters from test populations were consistent with those from field surveys (Bratley
et al. 1987). A critical assumption of this procedure was that mallards selected wetland
types and survey strata differentially. I found use of wetland types and strata by
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simulated groups and individual mallards differed little from estimates from field
surveys. Hence, test populations occupied wetland types and regions of the study area
similar to mallards observed during corresponding surveys. Furthermore, although I
placed no specific constraints on mallard abundance in test populations, means of
estimated numbers from test populations were consistent with annual estimates from field
surveys. Therefore, I concluded that test populations conformed to abundance and
distribution parameters estimated from field surveys.
The second step in validating test populations was to determine if the model
adequately represented the real system given its intended application (Bratley et al.
1987:8). Williams et al. (2001:127) stressed validating a model by comparing model
output with data from the real system. Because my study objectives were to compare
precision of survey designs, I compared CVs of abundance estimates from field surveys
to mean CVs from simulated surveys. I found precision of simulated surveys was similar
to precision of estimates from field surveys with the same design; CVs differed by a
minimum of 0.5% in 2003, a maximum of 0.8% in 2004, and a mean of 0.7% across
years.
I made several assumptions in developing methods to create test populations of
mallards. I assumed field sample data adequately represented characteristics of the
population important to survey design. Furthermore, I assumed habitat data obtained
from satellite images were classified correctly and represented wetlands available during
field surveys. Effective simulations capture key features of systems while excluding
unnecessary detail (Williams et al. 2001:111). My model used relatively few parameters
to create test populations. Specifically, I assumed mallard distributions were determined
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by time-specific selection of wetland type and survey strata. Factors not modeled but
potentially influencing distributions of mallards within the study area include social
behavior (Drilling et al. 2002), landscape pattern (Fairbairn and Dinsmore 2001),
disturbance (Evans and Day 2002), and winter philopatry (Robertson and Cooke 1999).
Models and simulations do not reflect truth, but a successful model is realistic enough for
its intended purpose. My analyses indicated the applied procedures distributed mallards
with sufficient realism to achieve study objectives.
Primary Survey Designs

The success of a monitoring program relies on defining a specific objective and
selecting an efficient sampling plan. Using the general framework of stratified random
sampling, I identified several designs that performed equally well for estimating mallard
abundance (i.e., NE-H stratification, optimal allocation, PPS sampling; ORIG
stratification, optimal allocation, PPS sampling; and NE-H stratification, optimal
allocation, EPS sampling; Table 4.4). Precision was greatest for stratification schemes
with an additional stratum delineated to sample areas with greater expected densities of
mallards. The NE-H and ORIG stratification schemes represented this strategy and had
similar precision, indicating that addition of small non-contiguous areas to the fifth
stratum (Figure 4.1A) provided no more benefits than delineating the single large unit in
the northeast part of the study area (Figure 4.1B). Results of simulations indicated using
stratum variances from past surveys to allocate sample effort optimally among strata
performed better than proportional allocation. This strategy increased sample allocation
to the high-density and northeast strata (Table 4.1), where mallard densities and their
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variances were greatest. Using a similar transect sample design, Jolly and Hampton
(1990) found stratification and optimal allocation were critical to designing an efficient
survey of fish stocks using acoustic methods. Smith and Gavaris (1993) reported
stratification did not improve precision markedly, but optimal allocation using data from
past surveys increased precision of estimates of Atlantic cod (Gadus morhua) abundance.
My results indicated modifying strata to account for differences in mallard densities and
optimally allocating sample effort were valuable strategies, and I recommend future
evaluations to ensure continued effectiveness. A potential disadvantage of optimizing
surveys to estimate mallard populations is that researchers or managers may wish to
estimate abundance of multiple species of waterfowl having different distributions and
densities (Afton and Anderson 2001, Miller et al. 2005). In this instance, it may be
necessary to use surveys optimized for mallards and compromise precision of other
species (Smith 1995) or use methods to optimize sample allocation with multiple
variables of interest (Bethel 1989).
My comparison of transect selection methods indicated there was little benefit of
PPS sampling relative to EPS. Samples selected with PPS contained fewer transects of
longer average length than EPS but, for my data, PPS and EPS provided similar
precision. Although I chose a design with PPS sampling as a baseline for evaluating
secondary design options, there are potential benefits of EPS worth noting. One potential
benefit is application of the FPC. In an exploratory analysis, I found including the FPC
decreased CVs by only 0.7%, but the FPC would increase precision more in surveys that
sampled greater proportions of finite populations (A. T. Pearse, unpublished data).
Sampling with EPS also provided more even distribution of transects in irregularly
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shaped strata, which is advantageous if a secondary objective of surveys is modeling
distributions of mallards using spatial interpolation (Chapter III).
Secondary Design Options

Addition of a second observer to my best survey design increased precision of
estimates when the same total length of transects was flown (CV = 8.65% vs. 11.12%).
This occurred because transects with 2 observers were twice as wide as 1-observer
transects, and the corresponding sampling weight was half as large, provided sample
sizes were equal. Sample weights quantify number of sample units represented by the
units included in the sample and are used in computing estimates (Lohr 1999).
Decreased sample weights reflect less reliance on units in the sample to represent others
in the population and thereby decrease sample variances.
Although increasing transect width increased precision, increasing transect width
for single observers is not a viable option. Field experiments and simulated aerial
surveys demonstrated visibility bias increased with transect width (Caughley 1974,
Caughley et al. 1976). A key assumption of fixed-width transect surveys is that visibility
rates are constant within transects. I believe this assumption is reasonable for waterfowl
at a transect width of 250 m but probably tenuous at greater widths. Thus, using a 250-m
transect for each observer is a compromise between decreased precision with narrower
transects and decreased visibility with wider transects.
I found surveys with 2 observers decreased sample effort and survey cost, yet
provided estimates with precision equal to surveys with one observer. However,
including a second observer involves considerations not quantified in this study. My
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simulations assumed both observers had the same probability of detecting mallards. In
reality, observers have varying probabilities of detecting objects (Caughley et al. 1976,
Conroy et al. 1988, Bayliss and Yeomans 1990), and differential visibility bias between
observers can increase sample variances and decrease precision of estimates. Thus, my
results are likely optimistic, and surveys with 2 observers may need to increase sample
effort if visibility differences between observers are great. Furthermore, if monitoring
programs include models to correct for visibility bias (Chapter II), additional costs would
be incurred to estimate observer-specific correction factors. Staff limitations also may
prevent assigning 2 observers to aerial surveys. My results indicate an organization
would expend 6 person days of labor conducting a 3-day survey with 2 observers to
achieve precision equal to a 1-observer survey requiring 5 days. If labor was more
limiting than aircraft costs, a survey with one observer would be more cost effective.
Two observers conducting surveys may provide other benefits. For example,
completion of surveys in fewer days reduces observer fatigue and increases the likelihood
of having sufficient days of suitable weather to complete surveys. Having a second
observer also allows opportunities to train observers, which is vital because experienced
observers generally have less visibility bias than inexperienced observers (Diefenbach et
al. 2003). I recommend using 2 observers based on cost-benefit analysis, but
acknowledge this decision may be constrained by other factors such as budgets, qualified
staff, and other logistics.
Initially, I hypothesized using auxiliary habitat data with ratio estimation would
increase precision of estimated mallard abundance. Although ratio estimators have
statistical bias, especially for small samples (Cochran 1977:162), my simulations
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indicated a combined ratio estimator had minimal bias and similar precision when
estimating mallard abundance from my data. Unfortunately, this ratio estimator did not
provide significant gains in precision relative to traditional estimators for stratified
sampling. A correlation between the variable of interest and auxiliary variable greater
than 0.5 is generally necessary to observe a benefit to ratio estimation (Scheaffer et al.
1986:133), a situation I observed in one of 3 years. Therefore, I suspect that the
moderate and variable relationship between mallard numbers and area of surface water
among years accounted for this result. However, there are reasons beyond the limited
gain in precision that use of satellite images to acquire auxiliary habitat data may not be
advisable. Analysis of satellite images to obtain habitat data took months of effort (C.
Manlove, Southern Regional Office, Ducks Unlimited, Inc., Ridgeland, Mississippi,
USA, personal communication) and thus ratio estimation of mallard abundance occurred
well after aerial surveys were completed. This delay might not be acceptable if there are
deadlines for reporting results. Also, availability of satellite data is not reliable; cloud
cover and sensor malfunctions often occur. Based on the preceding costs and benefits, I
do not recommend using surface water as auxiliary data to increase precision of mallard
population indices.
Conclusions

Successful survey designs provide precise and unbiased estimates at an acceptable
cost. The evaluated designs I evaluated were unbiased but varied in precision. My
results demonstrated certain survey designs and design options increased precision and
should be considered for future surveys. Stratified designs that included a separate
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stratum for sampling areas of high mallard density improved precision. More
importantly, stratified designs that allocated sample effort optimally using data from past
surveys consistently provided more precise estimates than designs with proportional
allocation. For my data, the choice between PPS and EPS sampling was equivocal.
Sampling with PPS increased precision slightly but EPS provided other benefits with
little loss in precision. Using 2 observers is cost-effective when qualified staff are
available. If agencies are unable to provide a second observer or the second observer
must count species other than mallards, a survey with one observer will provide adequate
precision of mallard estimates if sample effort is increased. Modest gains in precision
from using ratio estimation with auxiliary habitat data were not justified given the
potential cost of acquiring habitat data. In this study, I quantified precision and bias of
multiple sampling designs and options. Developing a successful survey requires this
technical knowledge as well as considering ease of implementation, data management
and analysis, budget, and personnel constraints.
Regarding continued survey efforts in Mississippi, I recommend selecting
transects with EPS due to ease of transect selection and data analysis and lack of
appreciable gain in precision when using PPS sampling. I advocate the continued use of
stratified random sampling with optimal allocation because I found these strategies
beneficial. Periodic evaluation and updates of stratification and allocation schemes also
are warranted to ensure the survey design tracks changes in population size and
distribution. Finally, I ask the department to explore the possibility of including a second
observer during aerial surveys. If available, using a second observer would be cost

90

effective given the labor costs I assigned and decrease the amount of time necessary to
conduct surveys – a collateral benefit for current and future observers.
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Table 4.1. Proportion of sample effort allocated to each stratum for 3 stratification
schemes (ORIG, NE-H, ST4) and 2 sample allocation methods (proportional
[P] and optimal [O]) used to compare precision of simulated aerial surveys
designed to estimate abundance of mallards wintering in western Mississippi.
ORIGb
a

Stratum

P

NE-H
O

P

ST4
O

P

O

High-density
0.10
0.29
0.07
0.23
Northeast
0.27
0.34
0.28
0.37
0.30
0.48
Northwest
0.24
0.16
0.26
0.18
0.28
0.23
Southeast
0.16
0.11
0.17
0.12
0.18
0.16
Southwest
0.23
0.10
0.22
0.10
0.24
0.13
a
Stratum boundaries are defined in Figure 4.1A–C.
b
ORIG – original stratification included 4 strata plus a fifth non-contiguous stratum
expected to have high mallard densities; NE-H – modification of ORIG with fifth stratum
limited to a single region in the northeast portion of the study area; ST4 – further
simplification of ORIG excluding the fifth stratum.
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Table 4.2. Proportional use of wetland types and survey strata by groups of mallards estimated from 3 field surveys in western
Mississippi, January 2003–2005, compared to mean use over 1,000 test populations simulated each year.
2003

2004
a

2005

Field

Test

|% Diff|

Field

Test

|% Diff|

0.0
4.6

0.202
0.103

0.205
0.096

1.5
6.8

0.304
0.055

0.299
0.052

1.6
5.5

0.136

2.9

0.057

0.061

7.0

0.122

0.129

5.7

0.212
0.076
0.159
0.028

0.219
0.078
0.152
0.027

3.3
2.6
4.4
3.6

0.221
0.076
0.326
0.015

0.239
0.071
0.312
0.016

8.1
6.6
4.5
6.7

0.243
0.137
0.138
0.001

0.248
0.134
0.137
0.001

2.1
2.2
0.7
0.0

0.168
0.348
0.183
0.185
0.116

0.167
0.343
0.184
0.188
0.118

0.6
0.187
1.4
0.346
Northeast
0.5
0.163
Northwest
1.6
0.208
Southeast
1.7
0.096
Southwest
a
|% Diff| = 100*(|usefield population – usetest population|/ usefield population)

0.187
0.340
0.175
0.201
0.097

0.0
1.7
7.4
3.4
1.0

0.239
0.192
0.185
0.251
0.133

0.247
0.186
0.190
0.244
0.133

3.3
3.1
2.7
2.8
0.0

Field

Test

|% Diff|

0.320
0.065

0.320
0.068

0.140

Wetland type
Flooded soybean
Flooded rice
Other
flooded
cropland

Emergent wetland
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Forested wetland
Permanent wetland
Aquaculture pond
Survey stratum
High-density

Table 4.3. Proportional use of wetland types and survey strata by individual mallards estimated from 3 field surveys in western
Mississippi, January 2003–2005, compared to mean use over 1,000 test populations simulated each year.
2003

2004
a

2005

Field

Test

|% Diff|

Field

Test

|% Diff|

3.0
1.2

3.0
1.2

0.265
0.112

0.271
0.111

0.380
0.090

0.379
0.089

0.3
1.1

0.128

2.4

2.4

0.078

0.074

0.131

0.125

4.6

0.175
0.024
0.083
0.010

0.184
0.025
0.085
0.009

5.1
4.2
2.4
10.0

5.1
4.2
2.4
10.0

0.256
0.055
0.228
0.006

0.260
0.053
0.225
0.006

0.236
0.101
0.061
0.001

0.243
0.104
0.059
0.001

3.0
3.0
3.3
0.0

0.258
0.456
0.138
0.070
0.078

0.262
0.457
0.136
0.068
0.077

1.6
1.6
0.2
0.2
Northeast
1.4
1.4
Northwest
2.9
2.9
Southeast
1.3
1.3
Southwest
a
|% Diff| = 100*(|usefield population – usetest population|/usefield population)

0.371
0.232
0.167
0.175
0.055

0.377
0.236
0.161
0.169
0.057

0.301
0.233
0.120
0.257
0.089

0.313
0.211
0.127
0.262
0.087

4.0
9.4
5.8
1.9
2.2

Field

Test

|% Diff|

0.497
0.086

0.482
0.087

0.125

Wetland type
Flooded soybean
Flooded rice
Other
flooded
cropland

Emergent wetland
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Forested wetland
Permanent wetland
Aquaculture pond
Survey stratum
High-density

Table 4.4. Predicted coefficients of variation (CV) of estimates of mallard population indices for selected survey
designs based on 500 replications of each design for 30 test populations in each of 3 years.
Stratificationa
NE-H

Allocationb
O

Selection
methodc
PPS

nd

140

Sample
efforte
4,341

CVf

SE(CV)

11.12

1.07

t22g

P
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ORIG
O
PPS
156
4,340
11.29
1.07
0.43
0.673
NE-H
O
EPS
176
4,335
11.73
1.07
1.52
0.142
ORIG
O
EPS
198
4,332
12.06
1.07
2.34
0.029
ORIG
P
PPS
147
4,334
12.07
1.07
2.35
0.028
ST4
O
PPS
120
4,332
12.15
1.07
2.55
0.018
NE-H
P
PPS
138
4,331
12.17
1.07
2.62
0.016
NE-H
P
EPS
182
4,334
12.65
1.07
3.81
0.001
ORIG
P
EPS
196
4,333
12.99
1.07
4.65
≤0.001
ST4
O
EPS
158
4,327
13.02
1.07
5.18
≤0.001
ST4
P
PPS
128
4,332
13.44
1.07
5.77
≤0.001
ST4
P
EPS
170
4,329
14.72
1.07
8.95
≤0.001
a
ORIG – original stratification included 4 strata plus a fifth non-contiguous stratum expected to have high mallard
densities; NE-H – modification of ORIG with fifth stratum limited to a single region in the northeast portion of the
study area; ST4 – further simplification of ORIG excluding the fifth stratum.
b
Proportional (P) and optimal (O) allocation of sampling effort among strata.
c
Selection of sample units with probability proportional to size (PPS) or equal probability sampling (EPS).
d
Mean number of total transects selected.
e
Mean total length (km) of transects selected.
f
Mean CV of estimated mallard abundance (%).
g
Contrast between CV of sample design in each row versus design with lowest CV in first row.
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Figure 4.1. Configuration of stratum boundaries used to compare precision of simulated
aerial survey sample designs for estimating population size of mallards
wintering in western Mississippi, January 2003-2005. (A) ORIG – original
stratification included 4 strata plus a fifth non-contiguous stratum expected
to have high mallard densities (shaded gray); (B) NE-H – modification of
ORIG with fifth stratum limited to a single site in northeast portion of the
study area; (C) ST4 – further simplification of ORIG excluding the fifth
stratum.
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Figure 4.2. Coefficients of variation (CV) comparing precision of population indices of
mallards wintering in western Mississippi, January 2003-2005, estimated
from 12 simulated aerial survey designs representing combinations of 3
stratification schemes (NE-H, ORIG, ST4), 2 sample selection probabilities
(equal probability sampling [EPS], probability proportional to size [PPS]),
and 2 methods of allocating sample effort among strata (proportional [P],
optimal [O]).
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CHAPTER V
ASSOCIATIONS BETWEEN DISTRIBUTIONS OF WINTERING DABBLING
DUCKS AND LANDSCAPE FEATURES IN WESTERN MISSISSIPPI
Conserving and managing populations of wintering waterfowl entails providing
resources required for individual survival and progression of annual-cycle events
including pair formation, molt, and deposition of nutrient reserves (Lower Mississippi
Valley Joint Venture Management [LMVJV] Board 1990, Baldassare and Bolen 2006).
Conservation planning and implementation in wintering regions, such as the Mississippi
Alluvial Valley (MAV), are performed by determining food resource needs using a daily
ration model and allocating resource objectives to states and public waterfowl
management areas within the MAV (LMVJV Board 1990, Reinecke and Loesch 1996).
Although important for regional conservation of wetland habitats, the process does not
specifically guide distribution of resources across the landscape or explain how foraging
habitats interact with other wetlands to improve the use and quality of wintering habitats
for ducks.
A conceptual model that addresses interactions among wetland habitats and
resources is the “habitat complex” concept (Fredrickson and Heitmeyer 1988). The
premise of this concept is that individual wetland habitats do not provide all resources
needed by wintering ducks because activities and requirements of the birds vary during
winter. Accordingly, ducks may use an array of wetlands to meet dynamic physio102

behavioral requirements. A complex of wetlands also may be beneficial because certain
types could provide compensatory resources lacking in other habitats (Reinecke et al.
1989). Numerous field observations of diverse wetland use by wintering ducks support
this conceptual model (Baldassare and Bolen 2006:264–267).
Although attracting interest and observational support, the concept of the habitat
complex has not been empirically defined or evaluated for waterfowl during winter.
Herein, I use the conceptual framework of the habitat complex to examine relationships
between diurnal presence and abundance of wintering ducks and local habitat and
landscape features in western Mississippi. I implicitly evaluated the concept by defining
its habitat-functional components, comparing the influence of those components on the
distribution of wintering ducks, and testing basic predictions. Additionally, I explored an
undefined aspect of the concept, the scale at which the influence of the habitat complex
was expressed.
Initially, I defined 4 constituent components of the habitat complex: foraging
habitat, seclusion and resting habitat (hereafter, resting habitat), managed sanctuary, and
interspersion and diversity of habitat components (hereafter, complexity). Reinecke et al.
(1989) reviewed the importance of each component and how they offered unique
resources for wintering ducks. Foraging habitats provide energy and other nutrients
required by wintering ducks for maintenance, molt, and deposition of nutrient reserves in
preparation for spring migration and subsequent breeding. Resting habitats provide areas
where ducks loaf, conduct comfort behaviors, and seek isolation for pair formation and
maintenance. Sanctuary can fulfill all these functions but also provides safety, potentially
reducing winter mortality (Blohm et al 1987). Finally, a central notion of the habitat103

complex concept is that ducks favor areas with increased diversity and interspersion of
habitats because such areas tend to provide resources needed by wintering waterfowl in
relative close proximity (Fredrickson and Heitmeyer 1988, Reinecke et al. 1989).
Accordingly, I considered complexity separate of other components due to its ability to
represent this central tenet of the concept.
Implicit in the concept of habitat complexes is that component habitats exist
within a certain proximity of each other. Fredrickson and Heitmeyer (1988) speculated
that habitats ≤10 km may constitute a habitat complex, but gave no basis for this value. I
elected to explore 2 spatial extents related to current waterfowl management activities
and infrastructure in my study area (see Methods). These extents represented the average
size of individual managed wetlands and entire management areas and, as such, these
scales of investigation characterized 2 extents at which managers and conservation
planners could influence habitats and landscapes.
I used duck locations collected from aerial surveys conducted in western
Mississippi during January 2003–2005 and concurrent satellite imagery classified into
multiple wetland habitats for this initial assessment of the habitat complex. This coupling
of duck observations and habitat conditions constituted a unique opportunity to
investigate this concept. My objectives were to 1) determine factors potentially related to
components of the habitat complex that most influenced occurrence and abundance of
wintering ducks, 2) determine at which spatial extent factors most influenced duck
distributions, and 3) quantify landscape features important for waterfowl use of space
based on modeling results. Realization of these objectives would be an important step
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toward providing an empirical basis for conservation strategies and recommendations
regarding the management of wintering waterfowl habitats.
Study Area
The MAV is a continentally important region for migrating and wintering
waterfowl in North America (Reinecke et al. 1989). The MAV is the floodplain of the
lower reaches of the Mississippi River, covering 10 million ha and portions of 7 states
(MacDonald et al. 1979). Historically, the MAV was an extensive bottomland-hardwood
ecosystem composed of various hard- and soft-mast producing trees that provided
important forage and other habitat resources for waterfowl and other wildlife
(Fredrickson et al. 2005). Extensive landscape changes occurred during the 20th century,
and large portions of the MAV were cleared of trees and used for agricultural production
(Reinecke et al. 1989). One consequence of these landscape changes was that flooded
agricultural fields (e.g., rice, soybean) replaced natural foraging habitats for several
species of wintering waterfowl (Reinecke et al. 1989, Stafford et al. 2006). My study
area encompassed most of the MAV within the state of Mississippi (1.9 million ha) and
was bounded to the south and east by the loess hills of the lower Mississippi River Valley
and on the west by the Mississippi River proper.
Methods
Aerial Surveys
I located ducks during aerial surveys conducted on 8–13 January 2003, 5–9
January 2004, and 24–27 January 2005 following methods similar to Reinecke et al.
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(1992) but modified for this study (Chapter III). These survey dates were closest to dates
on which satellite images were available to determine wetland coverage of my study area
(see Habitat Data Layer). I contracted with an experienced aerial service vendor to fly
transects in a fixed-wing aircraft (i.e., A. Nygren, Nygren Air Service, Raymond,
Mississippi, USA). The pilot navigated transects using a global positioning system
(GPS) receiver and flew at a constant altitude of 150 m. I observed while seated in the
right front seat and determined transect boundaries with marks placed on the wing strut
and window (Norton-Griffins 1975). I recorded the number of 1) mallards (Anas
platyrhynchos), and other dabbling ducks (e.g., northern pintail [A. acuta], American
wigeon [A. americana], northern shoveler [A. clypeata]) observed within each transect.
Additionally, I recorded the wetland type (categories listed below) and a GPS location
associated with each group (≥1 bird) of waterfowl observed.
I used stratified random sampling with the primary objective of estimating
abundance of ducks wintering in western Mississippi (Chapter III). First, I delineated 4
strata using selected highways as boundaries and then delineated selected areas with
greater expected mallard densities as a fifth stratum from which I could select
disproportionately large samples to increase precision of population estimates. The fifth
stratum included non-contiguous portions of the first 4 strata (see Appendix A for
specific configurations). I designated transects as the sample unit, positioned transects in
an east-west orientation, and spaced them 250 m apart to create a sample frame for the
study area. Before each survey, I randomly selected new transects with replacement and
probability proportional to length (Caughley 1977, Reinecke et al. 1992). I allocated
sample effort (i.e., cumulative length of transects) among strata using the Neyman
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method, wherein sampling effort is proportional stratum size and the variability of
mallard densities among transects within strata (Cochran 1977). Thus, the probability of
observing a group of ducks in a selected transect varied depending on stratum and
transect length.
Habitat Data Layer
The Southern Regional Office of Ducks Unlimited, Inc. (Ridgeland, Mississippi,
USA) provided spatial data layers representing potential waterfowl habitats for January
2003–2005 (C. Manlove, Southern Regional Office, Ducks Unlimited, Inc., Ridgeland,
Mississippi, USA, unpublished data). The primary data layers represented land cover and
presence of surface water. Land-cover maps were compiled each year from a
combination of National Agriculture Statistics Service data and distribution of forest
cover from several sources (C. Manlove, Southern Regional Office, Ducks Unlimited,
Inc., Ridgeland, Mississippi, USA, unpublished data). Area and distribution of surface
water were classified from Landsat-5 Thematic Mapper images; permanent and seasonal
wetlands were separated by analyzing an image from summer 2001 and classifying all
water present at that time as permanent. I defined seasonal winter wetlands as water
present in addition to the area of permanent wetlands. I used the combined land-cover
and surface-water layers to represent potential waterfowl habitat available on 4 January
2003, 30 December 2003, and 17 January 2005.
For analyses, I classified land cover into 10 categories: dry land, flooded soybean
field, flooded rice field, flooded corn or grain sorghum fields, other flooded croplands,
seasonal emergent wetland, forested wetland, aquaculture ponds, Mississippi River
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channel, and other permanent wetlands. I defined dry land as all areas not inundated with
surface water regardless of type. I did not consider dry land as available waterfowl
habitat because I did not observe ducks using dry land during 14 surveys in winters
2002–2004 (A. T. Pearse, unpublished data). I defined flooded crops as areas cultivated
during the previous growing season and inundated with surface water during the survey
period. I combined corn and grain sorghum because each crop type covered a relatively
small portion of the flooded area under cultivation in my study area (corn, 0.7%; grain
sorghum, 0.1%; C. Manlove, Southern Regional Office, Ducks Unlimited, Inc.,
Ridgeland, Mississippi, USA, unpublished data), and available food estimated as duck
energy days (DED) was similar (corn, 2,397 DEDs; grain sorghum, 2,098 DEDs;
Reinecke and Loesch 1996:935). I incorporated all other crops into a single category
because the LMVJV assumed crops other than those mentioned to have no foraging value
for waterfowl (e.g., cotton; Reinecke and Loesch 1996). Seasonal emergent wetlands
included non-agriculture wetlands dominated by natural herbaceous plants (e.g., moistsoil wetlands; Fredrickson and Taylor 1982). Forested wetlands comprised all wetlands
dominated by woody plants including trees and scrub-shrub (Fredrickson et al. 2005). I
considered the remainder of the categories permanent wetlands because surface water
was visible during the summer 2001 satellite scene. I classified permanent wetlands
including ponds, rivers, streams, and lakes into one category with 2 exceptions. I created
separate categories for aquaculture ponds used predominately for production of channel
catfish (Ictalurus punctatus, Wellborn 1987) and the Mississippi River channel because I
saw few waterfowl using the river during surveys.
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Landscape Measurements and Model Development
I measured landscape variables associated with locations of duck groups at 2
spatial scales. I designated a 0.25-km radius as the local scale and based this value on the
accuracy of GPS locations of groups. During surveys, I observed duck groups within a
fixed-width transect of 0.25 km; therefore, duck groups were located at a perpendicular
distances of 0–0.25 km from the plane, and the GPS location recorded an approximate
location of duck groups instead of its precise location. Also, a radius of 0.25 km (19.6
ha) approximated the average size of state, federal, and private water management units
in Mississippi (i.e., 23.0 ha; U.S. Fish and Wildlife Service 2002). To guide my choice
of a larger spatial scale (4-km radius, 5,024 ha), I used the average size of entire state and
federal wildlife management areas in western Mississippi during my study (5,027 ha;
U.S. Fish and Wildlife Service 2002).
I created polygons bounding local- and management-scale areas for each
observation from the year-specific habitat type layer in a geographic information system
(GIS) and used program FRAGSTATS to quantify various habitat- and landscape-level
variables of interest from these coverages (Table 5.1, McGarigal and Marks 1992). For
each scale of analysis, I calculated presence and proportion of area represented by each of
the defined wetland types and other landscape metrics (Table 5.1). I quantified additional
variables of interest from a GIS including distance to and occurrence of managed
sanctuary on public land within the local and management scales. I obtained a sanctuary
spatial database from the LMVJV (B. Elliott, Lower Mississippi Valley Joint Venture,
Vicksburg, Mississippi, unpublished data), and included only public-land sanctuary
because sanctuary on private land was not known.
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I developed models to explain occurrence and abundance of wintering ducks
using the 4 components of the habitat complex (i.e., foraging habitats, resting habitats,
managed sanctuary, and complexity). I also included a competing concept to serve as a
simpler model to contrast with the habitat complex. This alternative concept predicted
that the proportion of an area existing as wetland habitat influenced distribution of
wintering ducks independent of wetland type (e.g., Gordon et al. 1998, Cox and Afton
2000). Defining and quantifying landscape covariates to describe each of these
conceptual categories at the local and management scales resulted in 10 categories of
covariates (Table 5.1).
I defined flooded soybean, rice, and corn or grain sorghum fields as potential
foraging sites because each can provide residual waste seeds after harvest for waterfowl
(Reinecke et al. 1989, Reinecke and Loesch 1996, Stafford et al. 2006). I also included
seasonal emergent and forested wetlands as potential foraging habitats because these
provide natural seeds, tubers, and aquatic invertebrates consumed by waterfowl
(Fredrickson and Taylor 1982, Fredrickson et al. 2005). The habitat-complex concept
predicts that areas with greater diversity of habitats should be preferred over areas with
less diversity; therefore, I calculated Simpson’s diversity index including only foraging
wetland types (Simpson 1949). Finally, I included a binary variable indicating if any
foraging habitat was present within each spatial extent under investigation.
I considered 4 wetland types as potential resting habitat, including permanent
wetlands, aquaculture ponds, forested wetlands, and other flooded croplands. Although
technically not wetlands, I deemed aquaculture ponds as wetlands because they provided
habitat for wintering waterfowl (Dubovsky and Kaminski 1992). Except for forested
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wetlands, resting wetland types were not considered to provide potential foraging habitat
for dabbling ducks in the MAV (Reinecke and Loesch 1996). I observed ducks using
each of these wetland types during surveys; hence, I considered use of these wetlands as
evidence ducks gained some benefit from them (e.g., loafing habitats). I also calculated a
Simpson’s diversity index for resting habitats to determine if diversity of these wetland
types influenced duck distribution, and I derived a binary variable indicating the presence
or absence of resting habitats for each spatial extent.
I defined managed sanctuary as any area located on public lands with a policy of
prohibiting harassment or hunting of waterfowl during the hunting season. At the local
scale, I included a variable indicating if managed sanctuary occurred within the area. At
the management scale, I used the distance from each observation to the nearest managed
sanctuary and presence of managed sanctuary within the spatial extent as covariates.
Based on previous research, I predicted that ducks would respond positively to managed
sanctuary (Madsen 1998, Evans and Day 2002).
I used multiple measures to index complexity of areas surrounding observations
of ducks. I quantified interspersion of habitats with 2 landscape metrics: contagion and
average perimeter-area ratio. Contagion is a measure of the level of interspersion and
dispersion of habitat types within a landscape, where interspersion refers to the proximity
of different habitat types to one another and dispersion refers to the distribution of
individual habitat types. Contagion also incorporates the diversity of cover types (i.e.,
richness and evenness). The metric ranges from 0–100 with low values reflecting high
levels of interspersion and dispersion (i.e., greater complexity), whereas high values
reflect landscapes with aggregated habitat types and low levels of interspersion
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(McGarigal and Marks 1992). Based on the habitat-complex concept, I predicted
occurrence and abundance of ducks to be negatively associated with the contagion index.
Perimeter-area ratio reflects the complexity of patch shapes within the landscape, where
small values represent to simple shapes and large values represent to irregular shapes. I
predicted that duck occurrence and abundance would be associated positively with the
average perimeter-area ratio among all patches within a landscape. Finally, I calculated a
Simpson’s diversity index for to all cover types to determine if ducks responded
positively to landscapes with greater habitat diversity.
Analytical Methods
I conducted separate analyses for mallards and other dabbling ducks to investigate
relations between presence and abundance of ducks wintering in western Mississippi and
habitat and landscape variables. The presence or absence of ducks was a binomial
response; hence, I used a generalized linear mixed models approach to model occurrence
(GLIMMIX macro in SAS; Wolfinger and O’Connell 1993, SAS Institute 2003). My
aerial survey data set did not include locations where I did not observe ducks; hence, I
generated these locations from a GIS layer representing surveyed areas that contained
wetlands potentially available to ducks and were >250 m from duck observations. I
randomly selected numbers of locations possessing these criteria equal to the number of
sightings of mallard or other dabbling duck groups for each yearly survey. To model
abundance of ducks, I retained all observations wherein I observed mallards or other
dabbling ducks and fit a multiple linear regression model using the MIXED procedure in
SAS (SAS Institute 2003). Because the dependent variable was counts of individuals, I
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used a natural logarithm transformation to approximate a normal distribution (Gotelli and
Ellison 2004).
Before making inferences regarding model selection or parameter estimates, I
made several deviations from standard logistic or multiple linear regression methods. I
collected duck observations during surveys using a probability-based sampling design.
This design selected sampling units with unequal probabilities; therefore, the probability
of observing ducks was unequal among sample units. To account for unequal probability
sampling, I used weighted regression techniques, wherein I used the sample weight of
observations as a weighting variable (Lohr 1999, Chapter III).
My data contained potential temporal and spatial dependencies among
observations. Lack of independence among observations would artificially decrease
standard errors of estimated parameters and create potential for invalid inferences (Littell
et al. 1996:318). I combined data from all 3 yearly surveys because I was most interested
in relationships detected among years instead of year-specific phenomena. Accordingly,
data likely were more correlated within than among years, resulting in partial dependence
among observations. To account partially for such temporal dependence, I included year
as a random effect in all models. Additionally, researchers conducting similar analyses
have noted problems with spatial autocorrelation of dependent and independent variables
(Wagner and Fortin 2005). I adjusted for spatial covariance by modeling errors in the
mixed models framework in SAS (Littell et al. 1996:303–330, Selmi and Boulinier
2001). To accomplish this, I modeled spatial covariance as a function of distance
between pairs of observations to reduce the effect of partial dependence resulting from
proximity of observations. Preliminary analyses suggested ducks used habitat types
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disproportionate to their availability (Pearse et al. 2006; Table 5.2 & 5.4). To determine
effects of landscape factors beyond local habitat associations (e.g., Riffell et al. 2003), I
included a categorical variable in subsequent models designating wetland type (e.g.,
flooded soybean field, forested wetland) associated with each duck observation.
I modeled occurrence and abundance of mallards and other dabbling ducks using
a 2-stage approach (e.g., Franklin et al. 2000). I began with a full model comprising all
landscape measures of interest within each component-scale category (Table 5.1). I
inspected correlations among covariates within categories, noted when variables were
correlated (r ≥ |0.60|; Sokal and Rohlf 1995), and removed one of the redundant variables
from the correlated pair. I selected a representative model for each category using
Akaike’s Information Criterion (AIC) value and backwards selection (Akaike 1973,
Gotelli and Ellison 2004). After selecting one model per category, I chose the spatial
covariance structure most appropriate for the global model, which included all covariates
retained by the first analysis. I constructed semivariograms to assess the extent and
potential shape of spatial covariation for each response variable. A semivariogram
illustrates spatial covariation in a random variable by plotting the mean-squared
difference of that variable for each pair of observations on the y-axis by the distance
between those observations on the x-axis (Isaaks and Srivastava 1989). Furthermore, I
compared exponential, gaussian, and spherical models with and without a nugget effect
(i.e., a non-zero y-intercept term that describes sampling error and small-scale variability
among sample units; Isaaks and Srivastava 1989; Littell et al. 1996). For each dependent
variable, I determined which structure best fit the global model using AIC as criterion
and applied that structure during final model selection. From model output, I calculated
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AIC, ∆AIC, and model weights (wi; Burnham and Anderson 2002), and a measure of
model fit by squaring the Pearson’s product-moment correlation coefficient (r2) between
observed and predicted responses (as predicted by empirical best linear unbiased
prediction; SAS Institute 2003). I considered all models with ∆AIC ≤ 2 as competing
and computed the 95% confidence interval about parameter estimates for selected models
(Burnham and Anderson 2002).
Results
I surveyed 178 transects (7.1% of the study area) in January 2003, 84 transects
(3.4%) in January 2004, and 100 transects (4.5%) in January 2005. I estimated 321,299
mallards (SE = 33,677) in January 2003, 121,228 (SE = 22,481) in January 2004, and
80,074 (SE = 12,189) in January 2005. I estimated 231,514 other dabbling ducks (SE =
25,023) in January 2003, 97,963 ducks (SE = 22,555) in January 2004, and 283,663
ducks (SE = 55,578) in January 2005. Interpretation of satellite imagery from 4 January
2003 revealed 6.6% of the study area was covered by surface water (4.0% seasonal
wetlands); similarly, on 30 December 2003, 7.0% of the study area had surface water
(4.1% seasonal wetlands), and on 17 January 2004, 10.0% of the area was flooded (6.9%
seasonal wetlands).
Distributions of Mallards
I observed 522 groups of mallards during diurnal surveys in January 2003, 155
groups in January 2004, and 162 groups in January 2005. Mallard groups used flooded
soybean, rice, corn or grain sorghum, other crop fields, and seasonal emergent wetlands
greater than their mean availability among winters (Table 5.2). They used forested and
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permanent wetlands and aquaculture ponds less than availability and were not detected in
the Mississippi River channel during surveys. Size of mallard groups varied from 1–600
birds among surveys and averaged 40.9 (SD = 63.1), 28.8 (SD = 55.7), and 17.9 (SD =
17.9) in January 2003–2005, respectively. Mean group sizes of mallards were larger in
flooded cropfields than other wetlands and smallest in forested wetlands (Table 5.2).
Within the landscape complexity category at each spatial scale, contagion and
Simpson’s diversity indices were negatively correlated (local scale, r = -0.91;
management scale, r = -0.97, n = 1,678); therefore, I removed the diversity index from
my set of potential covariates because diversity indices of foraging and resting habitats
were included elsewhere (Table 5.1), and derivation of the contagion index incorporated
elements of diversity (see Methods). No additional pairs of covariates within conceptual
categories exhibited correlations (r < |0.60|).
The best models within conceptual categories of foraging habitat, resting habitat,
managed sanctuary, complexity, and wetland area for explaining variation in occurrence
of mallard groups included 1–5 unique explanatory variables and were considered
competing models in my final analysis (Table 5.3). Inspection of a semivariogram
generated from the global model revealed little evidence of spatial autocorrelation among
observations. Furthermore, inclusion of spatial covariance structures did not improve
model fit as determined by AIC values. Among competing models within conceptual
categories, the local wetland model had greatest support (wi = 1.000, R2 = 0.24, Table
5.3). The 4 highest-ranked models described effects at the local scale, wherein
complexity, resting habitat, and foraging habitat categories ranked 2–4, respectively. Of
management-scale models, the category describing resting habitat ranked fifth (∆AIC =
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137.3) and foraging habitat ranked sixth (∆AIC = 142.2). For the best-competing model,
occurrence of mallard groups related negatively with the proportion of wetland area
within a 0.25-km radius of observations ( βˆ WET_L= -0.0260, SE = 0.0020, 95% CI:

-0.0299, -0.0221). This model predicted that local-scale areas with increased likelihood
of attracting mallard groups included extent of the interface between wet and dry lands
(hence decreased proportion of wetland area), small isolated wetlands, and linear or
meandering wetlands such as creeks and ditches.
I included models with 11–13 parameters in the set to explain variation in
abundance of mallard groups (Table 5.3). Inspection of a semivariogram generated from
the global model provided little evidence of spatial autocorrelation, and inclusion of
spatial covariance structures did not improve model performance. Models indexing
landscape complexity at management and local scales accounted for 98.4% of model
weight, and management-scale models received 3.7 times more weight than local-scale
models. The model expressing complexity at the management scale ranked highest (wi =
0.789, R2 = 0.20, Table 5.3), wherein mallard abundance was associated negatively with
the contagion index ( βˆ CONTAG_M = -0.0126, SE = 0.0027, 95% CI: -0.0179, -0.0072) and
associated positively with perimeter-area ratio ( βˆ PARA_M = 0.0060, SE = 0.0017, 95% CI:

0.0028, 0.0093). The complexity model at the local scale received 19.5% of model
weight and similarly included a negative association with the contagion index
( βˆ CONTAG_L = -0.0054, SE = 0.0021, 95% CI: -0.0096, -0.0012) and a positive
association with perimeter-area ratio ( βˆ PARA_L = 0.0005, SE = 0.0002, 95% CI: 0.0002,
0.0008; Table 5.3). Therefore, mallard abundance at local and management scales
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increased with landscape complexity (i.e., decreased contagion and increased perimeterarea ratio). Contagion indices and perimeter-area ratios measured at local and
management scales were related (contagion, r = 0.48; perimeter-area ratio, r = 0.17; n =
839), thus partially explaining the large weight of evidence supporting the complexity
category. Models describing foraging habitats and managed sanctuary categories
performed poorly relative to other models (∆AIC ≥ 23.0, Table 5.3).
Distributions of Other Dabbling Ducks

I observed 262 groups of dabbling ducks other than mallards during the January
2003 survey, 83 groups in January 2004, and 247 groups in January 2005. Groups of
other dabbling ducks used flooded soybean, rice, corn or grain sorghum, and other crop
fields, seasonal emergent wetlands, and aquaculture ponds greater than the mean
availability of these wetlands among winters (Table 5.4). Other dabblers used forested
and permanent wetlands less than the availability of these wetlands and were not
observed in the Mississippi River channel during surveys (Table 5.4). Size of dabbler
groups varied from 1–1,000 birds among surveys and averaged 57.8 (SD = 74.1), 35.1
(SD = 38.1), and 43.5 (SD = 94.5) in January 2003–2005, respectively. Group size of
other dabbling ducks was largest in flooded cropfields and aquaculture ponds and
smallest on permanent wetlands (Table 5.4).
Within the landscape complexity category, contagion and Simpson’s diversity
indices were correlated negatively at each spatial scale (local, r = -0.89; management, r =
-0.96; n = 1,184); therefore, I removed the diversity index from the set of potential
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covariates. All additional correlation coefficients among covariates within conceptual
categories exhibited less correlation (r < |0.60|).
The 10 candidate models explaining variation in occurrence of groups of other
dabbling ducks included ≤4 unique covariates (Table 5.5). I found little evidence of
spatial autocorrelation in the semivariogram generated from the global model, and
inclusion of spatial covariance structures did not improve model performance. The
model describing foraging wetlands at the management scale received greatest support
(wi = 1.000, R2 = 0.16, Table 5.5). Landscape complexity at the local scale and resting
habitats at the management scale ranked second and third, respectively (∆AIC ≤ 35.0),
but were not competitive. Models describing managed sanctuary at both spatial scales
provided less support in explaining variation in occurrence of other dabblers (Table 5.5).
In the best model, occurrence of groups of dabbling ducks was associated positively with
the diversity of foraging wetlands ( βˆ FDIV_M = 0.0167, SE = 0.0043, 95% CI: 0.0082,
0.0253) and associated negatively with the proportion of the management-scale area in
seasonal emergent wetlands ( βˆ EMERG_M = -0.0421, SE = 0.0073, 95% CI: -0.0564,
-0.0277). The 95% confidence interval of the parameter describing the influence of the
proportion of the management-scale area in flooded rice included zero (CL = -0.0344,
0.0037, Table C.4, Appendix C). This model predicted increased occupancy by other
dabbling ducks in management-scale areas that contained a greater diversity of foraging
habitats, although amount of seasonal emergent wetlands was correlated negatively with
group occupancy.
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The most complex model in the set explaining variation in abundance of other
dabbling duck groups included 4 unique covariates and described foraging habitats at the
local scale (Table 5.5). The global model containing a spherical spatial covariance
structure without a nugget effect performed better than other structures and was included
in all competing models. Wetland area at the local scale provided the greatest weight of
evidence explaining variation in size of other dabbling duck groups (wi = 0.837, R2 =
0.12), and resting habitat at this scale had some support in the model set (wi = 0.160, R2 =
0.13, Table 5.5). Influences of local-scale factors had greater support than those at the
management scale (w = 0.985). The best model described the influence of wetland area
at the local level, which positively influenced group size of other dabbling ducks
( βˆ WET_L= 0.0104, SE = 0.0015, 95% CI: 0.0074, 0.0133). A model with 15.2% of model
weight described the influence of resting habitats at the local level, where dabbler group
sizes were 2.7 (95% CI: 2.0, 3.6) times larger when aquaculture ponds were present.
Presence of permanent wetlands and other flooded croplands also were included in the
model, but 95% CIs of parameter estimates included zero (Table C.5, Appendix C).
Discussion

I found evidence that variables representing the waterfowl habitat-complex
concept (Fredrickson and Heitmeyer 1988) influenced winter distributions of dabbling
ducks in western Mississippi. Most compelling, diversity and interspersion of wetland
habitats (i.e., complexity – a key component of the habitat complex) influenced
distributions of mallards and other dabbling ducks. However, support for the habitatcomplex concept was not universal because the wetland-area model explained certain
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response variables more effectively than did measures of the habitat complex. I found
models characterizing landscape effects at both local and management scales to be
important but for different conceptual categories. In situations where wetland area was
the best competing model, its influence was expressed at the local scale, whereas when
components of the habitat complex prevailed, their influences were expressed at the
management scale. Therefore, wintering dabbling ducks may have perceived and
responded to habitat complexes at the scale of management areas.
The model including percentage wetland area at the local scale had greatest
support in explaining occurrence of mallard groups and abundance of other dabbling
ducks. Previous researchers have observed positive relationships between waterfowl
species richness or abundance and wetland area across periods of the annual cycle and
wetland area (e.g., breeding, Kaminski and Weller 1992; wintering, Heitmeyer and Vohs
1984; migration, LaGrange and Dinsmore 1989). The negative association of mallard
presence and wetland area at the local scale seemed counterintuitive, yet this relationship
may have reflected mallard use of the interface between wet and dry lands instead of the
interior of flooded areas. Therefore, I suggest this result reflected a positive association
of mallards with wetland edges, wherein the areas surrounding ducks had increased
percentages of exposed ground. Furthermore, this model predicted a positive relationship
with elongated wetlands such as sloughs and creeks and small isolated wetlands
potentially used by paired and courting mallards. Related to my findings, McKinney et
al. (2006) similarly observed a positive association between species richness of waterfowl
and the percentage of a 100-m buffered area around wetlands designated as vegetated dry
land in North Atlantic estuaries during winter. Although their response described
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community structure instead of individual species distributions, it demonstrated a similar
habitat association.
The model including percentage wetland area at the local scale also had greatest
support in describing abundance of dabbling ducks other than mallards. In this model,
the influence of wetland area was positive, and group size of other dabbling ducks
increased 1.1 times for each 10% increase in the percentage of surface water in the localscale area. The notion that increased amounts of wetland habitat attract increased
abundances of waterfowl has been well documented. Previous studies conducted during
the breeding season have reported greater use of large than small wetlands by breeding
pairs of ducks and other waterbirds (Kaminski and Weller 1992:576, Kaminski et al.
2006). From a landscape perspective, Fairbairn and Dinsmore (2001) found a positive
relationship between abundance of gadwall (Anas strepera) in Iowa wetlands during
summer and total wetland area within 3 km of the wetlands where gadwall were
observed. Furthermore, Cox and Afton (2000) observed northern pintail making longdistance movements from the Louisiana Gulf Coast to the MAV potentially in response
to extensive flooded croplands during winter, supporting my result that increased wetland
area partially influenced distribution of wintering dabbling ducks.
The influence on mallard abundance of landscape complexity indexed by
contagion and perimeter-area ratio had greatest support among conceptual categories of
the habitat complex. Habitat and landscape complexities are key components of the
habitat-complex concept because they describe how multiple wetland habitats compose
the complex used by wintering waterfowl (Fredrickson and Heitmeyer 1988). The
indices of interspersion and diversity I derived were correlated; thus, their confounded
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influences on distributions of wintering mallards must be discussed simultaneously.
Mallards responded positively to areas with increased wetland diversity and
interspersion, potentially using complexity as a proximate cue (Hildén 1965). Diversity
of wetlands in close to each other may have afforded mallards with required resources
within local and management scales. Gordon et al. (1998) found a similar association
between abundance of wintering mallards in coastal South Carolina and habitat
heterogeneity as measured by Simpson’s diversity index derived from 8-ha areas.
Furthermore, I found larger groups of mallards in areas with wetlands that had increased
perimeter-area ratios (i.e., irregularly shaped wetlands with increased edge). This result
was similar and potentially related to my finding that mallard groups occurred with
increased frequency along wetland edges instead of interiors. Fairbairn and Dinsmore
(2001) determined parameter-area ratio was an important correlate of mallard abundance
in Iowa during summer, suggesting that mallards used similar proximate cues among
seasons and breeding and wintering ranges. Similarly, Riffell et al. (2001) observed
mallards in Michigan using more structurally diverse habitats during summer, although
the influence of habitat complexity was expressed more at local than larger spatial scales
(Riffell et al. 2003).
The model describing foraging habitat at the management scale was the most
parsimonious model explaining variation in the occurrence of other dabbling duck
groups. Of explanatory variables included in this model, management-scale areas with
greater diversity of foraging wetlands exhibited a greater chance of attracting groups of
dabbling ducks than those with less foraging wetland diversity. This variable partially
described the influence of diversity of foraging habitats in the context of management
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areas. Surprisingly, this model also included a negative influence of the proportions of
ricefields and seasonal emergent wetlands, although the confidence interval around the
parameter describing ricefields included zero. I attribute this result to the aggregation of
multiple species of dabbling ducks with different foraging niches into a single taxonomic
category. Aggregating all dabblers except mallards into one category was necessary
because sample sizes for species-specific analyses were inadequate; hence, my grouping
of taxa may have contributed to counterintuitive or spurious results.
I found little evidence that distributions of wintering ducks were influenced by
resting habitats and managed sanctuary. I observed ducks using resting habitats during
aerial surveys, but presence of these wetlands within landscapes was not a strong
correlate of habitat use. Concerning managed sanctuary, I was surprised by the lack of
support for models describing this conceptual category. In all but one model set,
sanctuary models ranked last or next to last. Most researchers reporting habitat use by
ducks during hunting seasons report extensive use of sanctuaries (e.g., Cox and Afton
1997, Evans and Day 2002) and their influence on distributions of ducks (e.g., Madsen
and Fox 1995, McKinney et al. 2006). I believe the lack of support for the influence of
publicly managed sanctuaries was a consequence of incomplete identification of
sanctuary areas (i.e., only public land sanctuaries included in analyses). Specifically, I
did not have data identifying sanctuaries on private lands and was forced to treat them as
open to hunting. Omission of these functional sanctuaries may have resulted in poor
performance of models describing their influence.
Use of aerial surveys to collect duck observations introduced certain limitations
and requires qualifications of my results. I only observed ducks during the daytime when
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light conditions allowed aerial observations. Ducks are frequently active at night (Cox
and Afton 1997), but I have no information regarding nocturnal use of habitats and
landscapes. Additionally, I restricted my analysis to the mid-winter period because that
is when water-coverage data were available. The influence of landscape features may be
different during early and late winter. Moreover, aerial surveys have inherent visibility
bias associated with them (Pollock and Kendall 1987, Chapter II). I quantified visibility
bias relative to wetland habitat (i.e., open vs. forested wetlands) and group sizes of ducks.
I acknowledge this differential visibility bias influenced my results because I consistently
failed to detect small groups and those occurring in forested relative to open wetlands.
Specifically, more duck groups occurred in forested wetlands than were represented in
my data set, reducing the number of observations in that wetland type. This limitation
would be more serious if my study determined habitat associations based solely on
wetland type. However, wetland type was not a variable of interest, and results and
conclusions from my data were valid assuming that observed individuals were associated
with local and management scale covariates in the same manner as those not detected.
Final caveats include causation and habitat suitability. I based conclusions on
correlations but could not establish causation through experimentation. Although
correlated, measured factors may not actually influence duck distributions, and ducks
may not respond to provision of habitats and landscapes described by habitat correlates.
Additionally, I recommended conservation and management actions by inferring habitat
and landscape quality via the distribution of ducks. Presence and abundance may not
always predict habitat quality (Van Horne 1983), but I speculate they may be correlated
for nonbreeding ducks that must sustain themselves and survive winter to reproduce
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(Fredrickson and Drobney 1979). Individual condition, survival, or demographic
parameters could not be estimated to support this assumption.
Management Implications and Future Research

Distributions of dabbling ducks wintering in western Mississippi were more
associated with diversity and interspersion of wetland habitats than presence or amounts
of specific wetland types. Accordingly, agencies, organizations, and private individuals
may consider developing management areas with increased levels of habitat complexity
in landscapes managed for wintering waterfowl. Managers should strive to integrate
complexity into current management practices by establishing or enhancing wetland
diversity. This diversity could be expressed by type of forage available (e.g., natural vs.
agricultural seeds), vegetation structure (e.g., open emergent vs. forested wetlands), and
topographical variation yielding varying water depths. When developing new or
expanding existing management areas, managers should engineer irregularly shaped
impoundments with extensive wetland edge along with diverse and interspersed wetland
habitats. Inclusion of a variety of wetland sizes and types from small seasonal to large
permanent wetlands would be useful in increasing complexity. Finally, focus on a
management-area scale (~5,000 ha) may be important to successfully integrating the
habitat-complex concept to waterfowl management activities because best models
describing the concept where expressed at the management scale. However,
opportunities to conserve and manage smaller complexes should be evaluated and
pursued when available.
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Inasmuch as I found habitat and landscape diversity and complexity to be key
factors influencing duck distributions, my results provide little guidance regarding types
of habitats to make available on management areas. To offer insight into habitat
composition of landscapes, I determined the mean proportion of each wetland type within
the management-scale area surrounding the 5% of my observations comprising the
largest groups of mallards (n = 71) and other dabbling ducks (n = 30) during January
2003–2005. Wetlands within the management-scale buffer area surrounding the largest
mallard groups (≥100 birds) included approximately 50% flooded croplands, 20%
seasonal emergent wetlands, 20% forested/scrub-shrub wetlands, and 10% permanent
wetlands. Landscapes surrounding the largest groups of other dabbling ducks (≥200
birds) were comprised of approximately 50% flooded croplands, 10–15% seasonal
emergent wetlands, 20% forested wetlands, and 15–20% permanent wetlands including
aquaculture ponds. Although relatively precise (1≤SE≤4%), these percentages should be
considered preliminary guidelines, and further investigation is needed to identify habitat
compositions that provide the highest quality habitat for wintering dabbling ducks in the
MAV. For example, studies that relate dabbling duck use of different habitats diurnally
and nocturnally to daily survival rate during winter would be especially relevant.
I found moderate support for the influence of foraging habitats on the distribution
of dabbling ducks. This result relates directly to conservation strategies for wintering
habitats adopted by the LMVJV under the North American Waterfowl Management Plan
(U.S. Department of the Interior and Environment Canada 1986). The LMVJV conserves
habitat for wintering waterfowl under the assumption that availability of foraging habitat
determines carrying capacity, and this assumption predicts distribution of foraging habitat
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drives winter duck distributions. Presence and diversity of foraging habitats influenced
dabbling duck distributions in western Mississippi; therefore, my results support the
conceptual framework behind conservation planning and implementation in the MAV
(Reinecke et al. 1989, Reinecke and Loesch 1996).
Future research should use experimentation to validate results of my study.
Specifically, researchers could manipulate wetland shape to investigate duck use of
wetlands with greater perimeter-area ratio and wetland edge than regularly shaped
wetlands. To investigate the relationship between presence of duck groups and wetland
edge, researchers could note location of duck groups within larger wetlands by
comparing use of wetland edges compared to interior and use of linear and small isolated
wetlands. More generally, researchers could determine proximate and ultimate factors
birds use to evaluate habitat complexes (e.g., vegetation structure, available forage). This
insight would be helpful in understanding how ducks discern diversity of wetlands within
landscapes and which resources most influence distribution and potentially body
condition and survival. Finally, researchers should quantify and explore the roles of
privately managed sanctuaries and habitat compositions in influencing duck distributions.
Anecdotal accounts from land managers and biologists suggest these areas are common
and potentially increasing in occurrence. Gaining an understanding of this phenomenon
is challenging but may become necessary for future conservation efforts on wintering
grounds.
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Table 5.1. Landscape variables (acronyms) measured at local (0.25-km radius) and
management (4-km radius) scales categorized into components of a theoretical
framework potentially describing the distribution of wintering ducks in
western Mississippi.
Component
Foraging
habitat

Resting
habitat

Local scale

Management scale

Presence of flooded soybean field
(BEAN_L)

Percent (%) of wetland area as
flooded soybean field (BEAN_M)

Presence of flooded rice field
(RICE_L)

% of wetland area as flooded rice
field (RICE_M)

Presence of flooded corn or grain
sorghum field (CORN_L)

% of wetland area as flooded corn
or grain sorghum field (CORN_M)

Presence of seasonal emergent
wetland (EMERG_L)

% of wetland area as seasonal
emergent wetland (EMERG_M)

Presence of forested wetland
(FW_L)

% of wetland area as forested
wetland (FW_L)

Presence of foraging wetlands
(FOOD_L)

% of wetland area as foraging
habitats (FOOD_M)

Simpson’s diversity index of
foraging wetlands (FDIV_L)

Simpson’s diversity index of
foraging wetlands (FDIV_M)

Presence of permanent wetland
(PERM_L)

% of wetland area as permanent
wetland (PERM_M)

Presence of aquaculture pond
(FISH_L)

% of wetland area as aquaculture
pond (FISH_M)

Presence of other flooded
croplands (OCROP_L)

% of wetland area as other flooded
croplands (OCROP_M)

Presence of forested wetland
(FW_L)

% of wetland area as forested
wetland (FW_M)

Presence of resting wetlands
(REST_L)

% of wetland area as resting
habitats (REST_M)
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Table 5.1 continued

Managed
sanctuary

Simpson’s diversity index of
resting wetlands (RDIV_L)

Simpson’s diversity index of
resting wetlands (RDIV_M)

Presence of managed waterfowl
sanctuary within area (REF_L)

Distance of managed sanctuary
from observation (REF_DIST)
Presence of managed waterfowl
sanctuary (REF_M)

Complexity

Wetland area

Contagion index (CONTAG_L)

Contagion index (CONTAG_M)

Average perimeter-area ratio for
wetland patches within area
(PARA_L)

Average perimeter-area ratio for
wetland patches within area
(PARA_M)

Simpson’s diversity index of all
habitat types (SIDI_L)

Simpson’s diversity index of all
habitat types (SIDI_M)

% of area designated as seasonal
or permanent wetland (WET_L)

% of area designated as seasonal
or permanent wetland (WET_M)
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Table 5.2. Percentage (%) diurnal use and availability of wetland types and mean ( x ,
SD) size of groups of mallards associated with each wetland type during 3
aerial surveys conducted in western Mississippi, January 2003–2005. Modelaveraged parameter estimates describing associations between occurrence and
abundance of mallards and categorical habitat variables are presented in Table
C.1, Appendix C.
Wetland habitat
Flooded soybean

na

% use

% availability

x

SD

291

34.7

12.4

47.8

63.9

60

7.2

4.6

44.5

59.6

26

3.1

0.8

29.2

39.5

89

10.6

6.6

37.3

68.8

176

21.0

11.4

28.1

41.9

63

7.5

27.6

12.6

12.2

126

15.0

16.6

17.7

54.6

Aquaculture pond

8

1.0

13.6

13.5

15.3

River channel

0

0

6.3

Flooded rice
Flooded corn or grain
sorghum
Flooded other
croplands
Emergent wetland
Forested wetland
Permanent wetland

a

Number of groups of ducks observed during aerial surveys.
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Table 5.3. Model selection results for distribution (i.e., occurrence and abundance) of groups of mallards observed during
aerial surveys in western Mississippi, January 2003–2005. Parameter estimates and additional model output
included in Tables C.2 & C.3, Appendix C.
Modela

Response
Occurrence

WET_L

Categoryb

∆AICe

wif

r2

11

0.0

1.000

0.24

c

d

Wetland Scale Local
Complexity

Local k

11

46.0

0.000

0.20

Rest

Local

13

82.9

0.000

0.19

CONTAG_L BEAN_L RICE_L EMERG_L
FDIV_L FOOD_L

Food

Local

15

118.1

0.000

0.19

PERM_M FW_M OCROP_M

Rest

Management

13

137.3

0.000

0.17

RICE_M FW_M

Food

Management

12

142.2

0.000

0.16

Sanctuary

Local

11

142.5

0.000

0.17

Wetland

Management

11

151.1

0.000

0.17

Complexity Management

11

151.5

0.000

0.16

Management

11

152.1

0.000

0.16

Complexity Management

12

0.0

0.789

0.20

Complexity

12

2.8

0.195

0.19

FISH_L RDIV_L REST_L
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WET_M
REF_L
Abundance CONTAG_M PARA_M
CONTAG_M
CONTAG_L PARA_L
REF_M

Sanctuary

Local

Table 5.3 continued

REST_L

Rest

Local

11

7.8

0.016

0.18

WET_M

Wetland

Management

11

15.9

0.000

0.19

Rest

Management

13

17

0.000

0.19

Wetland

Local

11

18.4

0.000

0.18

Food

Local

11

23.0

0.000

0.17

Food

Management

12

23.1

0.000

0.19

Sanctuary

Local

11

29.7

0.000

0.18

Sanctuary

Management

11

37.2

0.000

0.17

PERM_M FISH_M OCROP_M
WET_L
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BEAN_M EMERG_M
FOOD_L
a

Covariate acronyms defined in Table 5.1.
Conceptual category describing components of the habitat complex.
c
REF_L
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
d
Number of estimated parameters.
REF_DIST
e
∆AIC = AICi – AICmin.
f
Weight of evidence.
b

Table 5.4. Percentage (%) diurnal use and availability of wetland types and mean ( x ,
SD) size of groups of dabbling ducks other than mallards associated with
each wetland type during 3 aerial surveys conducted in western Mississippi,
January 2003–2005. Model-averaged parameter estimates describing
associations between occurrence and abundance of other dabbling ducks and
categorical habitat variables are presented in Table C.1, Appendix C.
na

% use

% availability

x

SD

188

31.8

12.4

71.4

112.3

Flooded rice
Flooded corn or grain
sorghum
Flooded other
croplands
Emergent wetland

30

5.1

4.6

55.9

68.6

11

1.9

0.8

37.6

26.0

56

9.5

6.6

54.8

111.1

97

16.4

11.4

31.9

35.6

Forested wetland

24

4.1

27.6

20.8

20.3

Permanent wetland

66

11.2

16.6

15.9

20.5

Aquaculture pond

119

20.1

13.6

46.3

44.5

River channel

188

31.8

12.4

71.4

112.3

Wetland habitats
Flooded soybean

a

Number of groups of ducks observed during aerial surveys.
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Table 5.5.

Model selection results for distribution (i.e., occurrence and abundance) of groups of dabbling ducks other
than mallards observed during aerial surveys in western Mississippi, January 2003–2005. Parameter
estimates and additional model output included in Tables C.4 & C.5, Appendix C.
Modela

Response
Occurrence
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CONTAG_L

RICE_M EMERG_M FDIV_M

Food

Management
k
Complexity
Local

wif

r2

0.0

1.000

0.16

11

33.5

0.000

0.16

d

∆AICe

13

Rest

Management

13

35.0

0.000

0.17

FISH_L FW_L RDIV_L REST_L

Rest

Local

14

58.9

0.000

0.16

WET_M

Wetland

Management

11

73.2

0.000

0.14

WET_L

Wetland

Local

11

73.8

0.000

0.15

Food

Local

13

74.8

0.000

0.15

12

76.0

0.000

0.14

CONTAG_M PARA_M

REF_L

Scalec

FISH_M FW_M OCROP_M

EMERG_L FW_L FDIV_L

Abundance
REF_M

Categoryb

Complexity Management
Sanctuary

Management

11

87.0

0.000

0.14

Sanctuary

Local

11

95.7

0.000

0.14

Wetland

Local

12

0.0

0.833

0.12

PERM_L FISH_L OCROP_L

Rest

Local

14

3.4

0.152

0.13

PERM_M OCROP_M RDIV_M

Rest

Management

14

9.2

0.008

0.12

WET_L

Table 5.5 continued

WET_M

EMERG_L FW_L FDIV_L FOOD_L
CONTAG_M
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CONTAG_L

aFDIV_M

Wetland

Management

12

10.8

0.004

0.10

Complexity Management

12

11.6

0.003

0.09

Complexity

Local

12

15.6

0.000

0.10

Food

Local

15

27.5

0.000

0.09

Food

Management

12

37.9

0.000

0.06

Sanctuary

Local

12

41.2

0.000

0.07

Sanctuary

Management

12

43.3

0.000

0.07

Covariate acronyms defined in Table 5.1.
Conceptual category describing components of the habitat-complex concept.
c
REF_L
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
d
Number of estimated parameters.
REF_DIST
e
∆AIC = AICi – AICmin.
f
Model weight.
b

APPENDIX A
CONFIGURATIONS OF THE HIGH-DENSITY STRATUM DURING AERIAL
SURVEYS TO ESTIMATE ABUNDANCE OF WINTERING WATERFOWL
IN WESTERN MISSISSIPPI, WINTERS 2002–2004
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Winter 2002
December 2002 - Early January 2003

Winter 2003

Late January 2003

Winter 2004

Crosshatched areas denote high-density subregions
of the study area during winters 2002-2004.
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0
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100
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APPENDIX B
SPATIAL DISTRIBUTIONS OF MALLARDS AND TOTAL DUCKS ESTIMATED
FROM AERIAL SURVEYS CONDUCTED IN WESTERN MISSISSIPPI,
WINTERS 2002–2004
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Relative density categories for
distribution maps
Tunica

Panola

Total duck relative density
(ducks/ha)
Low:
<0.111
Medium: 0.111 - 0.410
High:
>0.410

Quitman

Coahoma

Mallard relative density
(ducks/ha)
Low:
<0.037
Medium: 0.037 - 0.223
High:
>0.223

Tallahatchie

Bolivar

Grenada

Sunflower
Leflore
Carroll

Legend and color scheme for
distribution maps
None observed

Washington

Low
Holmes

Humphreys

Medium
High

Sharkey
Yazoo
Issaquena

Warren

Legend
Study area
MS counties
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9-17 December 2002
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

146

8-13 January 2003
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

147

28 January - 2 February 2003
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

148

17-21 November 2003
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

149

2-6 December 2003
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High
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18-22 December 2003
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High
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5-9 January 2004
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

152

26-30 January 2004
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

153

9-13 February 2004
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

154

3-7 December 2004
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

155

17-21 December 2004
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High
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3-5 January 2005
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High

157

24-27 January 2005
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High
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10-12 February 2005
Mallards

Total ducks

Relative duck density
None observed

0

15

30

60
Km

Low
Medium
High
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APPENDIX C
EXTENDED RESULTS AND PARAMETER ESTIMATES FROM MODELS
RELATING WINTERING DUCK DISTRIBUTION AND LANDSCAPE
FEATURES IN WESTERN MISSISSIPPI
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Table C.1. Model-averaged parameters common among models describing occurrence or abundance of groups of
mallards and other dabbling ducks wintering in western Mississippi, January 2003–2005.

Response

Parameter

Occurrence Intercept
Habitat
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Bean
Corn
Other crop
Emergent
Forest
Permanent
Aquaculture

Abundance
Year

Residual error
Intercept
Habitat
Bean
Corn
Other crop
Emergent
Forest
Permanent

βˆ

Mallards

SE

LCIa

UCIb

βˆ

Other dabbling ducks

SE

LCI

UCI

1.5116

0.2575

0.4035

2.6197

0.2936

0.3946

-1.4041

1.9914

0.5146
0.8456
-0.3713
0.0096
-1.6879

0.2471
0.5410
0.2799
0.2524
0.2596
0.2489
0.4132
0.0253
0.0342
0.2198

0.0301
-0.2156
-0.9203
-0.4854
-2.1971
-1.4418
-3.5511
0.0056
0.9233
2.0469

0.9992
1.9067
0.1778
0.5047
-1.1786
-0.4656
-1.9303
1.9961
1.0575
3.9382

0.0044
1.1608
-0.8972
0.1776
-2.7732
-0.9762
-0.4816
0.0000
1.0413
3.0927

0.3491
0.7700
0.3830
0.3729
0.4168
0.3646
0.3570
0.0000
0.0430
0.2288

-0.6806
-0.3499
-1.6486
-0.5541
-3.5910
-1.6914
-1.1820
0.0000
0.9619
2.1082

0.6894
2.6714

0.1488
0.2628
0.1755
0.1536
0.1819
0.1591

-0.3822
-1.0404
-0.7737
-0.7416
-1.3188
-1.3292

0.2021
-0.0090
-0.0839
-0.1386
-0.6046
-0.7047

-0.0722
-0.0075
-0.0643
-0.5969
-0.8778
-1.1041

0.2126
0.3446
0.2465
0.2225
0.3111
0.2321

-0.4898
-0.6843
-0.5484
-1.0339
-1.4888
-1.5601

-0.9537
-2.7407
0.0226
0.9870
2.9926
-0.0900
-0.5247
-0.4293
-0.4402
-0.9617
-1.0014

-0.1459
0.9093
-1.9555
-0.2609
0.2188
0.0000
1.1310
4.0772
0.3453
0.6694
0.4198
-0.1600
-0.2668
-0.6482

Table C.1 continued
-0.8702
Aquaculture
0.0696
Year
1.0417
Residual error
Spatial
covariance
a
Lower limit of 95% confidence interval.
b
Upper limit of 95% confidence interval.

0.3664
0.0743
0.0512

-1.5894
0.0178
0.9482

-0.1511
4.2589
1.1498

-0.0837
0.0314
1.2454

0.2318
0.0367
0.0733

-0.3356
0.0074
1.1134

0.3716
4.0662
1.4024

0.6074

0.1340

0.4114

0.9873
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Table C.2. Model selection results and estimates of unique parameters for models of occurrence of groups of mallards wintering in
western Mississippi, January 2003–2005.
Model

Unique covariates

Categorya

Scaleb

Wetland

Local

Complex

Local

Rest

Local

163

Food

Local

Namec
WET_L
CONTAG_L
FISH_L
RDIV_L
REST_L
BEAN_L
RICE_L
EMERG_L
FDIV_L

Rest

Manage FOOD_L
PERM_M
FW_M

Food

Manage OCROP_M
RICE_M
FW_M

Sanctuary

Local

βˆ

SE

Model fit
LCId

UCIe
-0.0221

-0.0260

0.0020

-0.0299

0.0289

0.0031

0.0228

-1.0958

0.2094

-1.5066

0.0097

0.0027

0.0043

-1.5598

0.2770

-2.1030

-1.0166

0.3448

0.1626

0.0258

0.6638

-0.4974

0.1495

-0.7905

-0.2042 15

-0.5137

0.1612

-0.8298

-0.1975

0.0105

0.0035

0.0037

0.0173

-0.4942

0.2218

-0.9293

-0.0591

0.0107

0.0038

0.0032

0.0181

0.0082

0.0032

0.0019

0.0146

0.0356

0.0092

0.0176

0.0537

-0.0145

0.0075

-0.0292

0.0003

0.0048

0.0033

-0.0016

0.0113

1.0923

0.3338

0.4376

1.7471

-0.0093

0.0036

-0.0163

kf

Deviance

AICg

∆AICh

wii

r2j

1900.1 1922.1

0.0 1.000 0.24

1946.1 1968.1

46.0 0.000 0.20

1979.0 2005.0

82.9 0.000 0.19

2010.2 2040.2

118.1 0.000 0.19

13

2033.4 2059.4

137.3 0.000 0.17

12

2040.3 2064.3

142.2 0.000 0.16

2042.6 2064.6

142.5 0.000 0.17

2051.2 2073.2

151.1 0.000 0.17

0.0350 11
-0.6850 11

0.0150 13

Wetland

Manage REF_L
WET_M

-0.0022 11 11

Complex

Manage

CONTAG_M

0.0065

0.0042

-0.0017

0.0148

11

2051.6 2073.6

151.5 0.000 0.16

Sanctuary

Manage

REF_M

0.3369

0.1679

0.0076

0.6663

11

2052.2 2074.2

152.1 0.000 0.16

Table C.2 continued
a

Conceptual category describing components of the habitat complex.
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
c
Covariate acronyms defined in Table 5.1.
d
Lower limit of 95% confidence interval.
e
Upper limit of 95% confidence interval.
f
Number of estimated parameters.
g
AIC = Deviance + 2k.
h
∆AIC = AICi – AICmin.
i
Weight of evidence.
j
Coefficient of determination.
b
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Table C.3. Model selection results and estimates of unique parameters for models of abundance of mallards in observed groups
wintering in western Mississippi, January 2003–2005.
Model

Unique covariates

Categorya

Scaleb

Namec

βˆ

Complex

Manage

CONTAG_M

-0.0126

UCIe

kf

Deviance

0.0027

-0.0179

-0.0072

12

2550.4

2574.4

0.0

0.789 0.20

0.0060

0.0017

0.0028

0.0093
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a

Local

-0.0054

0.0021

-0.0096

-0.0012

12

2553.2

2577.2

2.8

0.195 0.19

PARA_L

0.0005

0.0002

0.0002

0.0008

CONTAG_L

SE

∆AICh

wii

Rest

Local

REST_L

0.6099

0.1114

0.3912

0.8286

11

2560.2

2582.2

7.8

0.016 0.18

Wetland

Manage

WET_M

0.0116

0.0025

0.0067

0.0165

11

2568.3

2590.3

15.9

0.000 0.19

Rest

Manage

PERM_M

-0.0060

0.0029

-0.0118

-0.0002

13

2565.4

2591.4

17.0

0.000 0.19

FISH_M

-0.0061

0.0021

-0.0102

-0.0019

0.0150

0.0058

0.0036

0.0264

0.0055

0.0013

0.0030

0.0080

11

2570.8

2592.8

18.4

0.000 0.18

OCROP_M
WET_L

Wetland

Local

Food

Local

FOOD_L

0.4650

0.1224

0.2247

0.7052

11

2575.4

2597.4

23.0

0.000 0.17

Food

Manage

BEAN_M

0.0073

0.0032

0.0011

0.0134

12

2573.5

2597.5

23.1

0.000 0.19

EMERG_M

0.0129

0.0039

0.0052

0.0205

Sanctuary

Local

REF_L

0.5040

0.1823

0.1463

0.8618

11

2582.1

2604.1

29.7

0.000 0.18

Sanctuary

Manage

R_DIST

0.0009

0.0026

-0.0043

0.0060

11

2589.6

2611.6

37.2

0.000 0.17

Conceptual category describing components of the habitat complex.
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
c
Covariate acronyms defined in Table 5.1.
d
Lower limit of 95% confidence interval.
e
Upper limit of 95% confidence interval.
b

AICg

r2j

LCId

PARA_M
Complex

Model fit

Table C.3 continued
f

Number of estimated parameters.
AIC = Deviance + 2k.
h
∆AIC = AICi – AICmin.
i
Weight of evidence.
j
Coefficient of determination.
g
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Table C.4. Model selection results and estimates of unique parameters for models of occurrence of groups of other dabbling ducks
wintering in western Mississippi, January 2003–2005.
Model
Categorya
Food

Complex
Rest

Scaleb
Manage

Local

Unique covariates
Namec
RICE_M
EMERG_M
FDIV_M

Manage CONTAG_L
FISH_M
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FW_M
Rest

Local

OCROP_M
FISH_L
FW_L
RDIV_L

Wetland

Manage REST_L
WET_M
Local

Food

Local

Wetland

Complex

WET_L

EMERG_L
FW_L

Manage FDIV_L
CONTAG_M
PARA_M

Model fit

βˆ

SE

LCId

UCIe

-0.0153

0.0097

-0.0344

0.0037

-0.0421

0.0073

-0.0564

0.0167

0.0043

0.0082

0.0253

0.0173

0.0037

0.0102

0.0245

0.0179

0.0033

0.0114

0.0245

0.0050

0.0040

-0.0028

0.0128

0.0482

0.0109

0.0269

0.0696

0.7248

0.2036

0.3253

1.1242

-0.5983

0.1858

-0.9629

0.0130

0.0039

0.0052

0.0207

-0.6518

0.3416

-1.3221

0.0185

0.0043

0.0042

-0.0039

0.0125

-0.0094

0.0022

-0.0137

-0.5829

0.1647

-0.9061

-0.6512

0.1555

-0.9563

0.0123

0.0038

0.0048

0.0198

-0.0070

0.0053

-0.0174

0.0035

-0.0032

0.0024

-0.0080

kf

-0.0277 13

11 13

-0.2337 14

-0.0050 11
-0.2597 11

-0.3462 13

0.0015 12

Deviance

AICg

∆AICh

wii

r2j

1347.4

1373.4

0.0

1.000 0.16

1384.9

1406.9

33.5

0.000 0.16

1382.4

1408.4

35.0

0.000 0.17

1404.3

1432.3

58.9

0.000 0.16

1424.6

1446.6

73.2

0.000 0.14

1425.2

1447.2

73.8

0.000 0.15

1422.2

1448.2

74.8

0.000 0.15

1425.4

1449.4

76.0

0.000 0.14

Table C.4 continued

a

Sanctuary Manage

REF_M

0.1526

0.2016

-0.2429

0.5481

11

1438.4

1460.4

87.0

0.000

0.14

Sanctuary Local

REF_L

1.0089

0.4143

0.1961

1.8217

11

1447.1

1469.1

95.7

0.000

0.14

Conceptual category describing components of the habitat complex.
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
c
Covariate acronyms defined in Table 5.1.
d
Lower limit of 95% confidence interval.
e
Upper limit of 95% confidence interval.
f
Number of estimated parameters.
g
AIC = Deviance + 2k.
h
∆AIC = AICi – AICmin.
i
Weight of evidence.
j
Coefficient of determination.
b
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Table C.5. Model selection results and estimates of unique parameters for models of abundance of other dabbling ducks in
observed groups wintering in western Mississippi, January 2003–2005.
Model
Categorya

Unique covariates
Scaleb

Namec

SE

LCId

UCIe

kf

Deviance

∆AICh

wii

r2j

Local

WET_L

0.0104

0.0015

0.0074

0.0133

12

1876.4

1900.4

0.0

0.833 0.12

Rest

Local

PERM_L

0.1846

0.1003

-0.0124

0.3817

14

1875.8

1903.8

3.4

0.152 0.13

FISH_L

0.9863

0.1468

0.6980

1.2746

0.2243

0.1147

-0.0011

0.4496

-0.0201

0.0041

-0.0282

-0.0121

14

1881.6

1909.6

9.2

0.008 0.12

0.0180

0.0067

0.0048

0.0311

-0.0090

0.0037

-0.0162

-0.0017

0.0187

0.0032

0.0125

0.0249

12

1887.2

1911.2

10.8

0.004 0.10

Manage

OCROP_L
PERM_M

169

OCROP_M
RDIV_M
WET_M

Wetland

Manage

Complex

Manage

CONTAG_M

-0.0227

0.0039

-0.0304

-0.0151

12

1888.0

1912.0

11.6

0.003 0.09

Complex

Local

CONTAG_L

-0.0138

0.0025

-0.0187

-0.0089

12

1892.0

1916.0

15.6

0.000 0.10

Food

Local

EMERG_L

0.6009

0.1210

0.3632

0.8386

15

1897.9

1927.9

27.5

0.000 0.09

FW_L

0.1956

0.1172

-0.0346

0.4258

-0.0087

0.0026

-0.0138

-0.0036

-0.3012

0.1712

-0.6375

0.0352

0.0074

0.0032

0.0012

0.0136

12

1914.3

1938.3

37.9

0.000 0.06

1.0134

1917.6

1941.6

41.2

0.000 0.07

1919.7

1943.7

43.3

0.000 0.07

FDIV_L
FOOD_L
FDIV_M

Food

Manage

Sanctuary

Local

REF_L

0.5113

0.2556

0.0092

Sanctuary

Manage

R_DIST

0.0050

0.0036

-0.0020

0.0121 12
12

Conceptual category describing components of the habitat complex.
Spatial scale at which variables were measured (local, 0.25-km radius; management, 4-km radius).
c
Covariate acronyms defined in Table 5.1.
b

AICg

Wetland

Rest

a

βˆ

Model fit

Table C.5 continued
d

Lower limit of 95% confidence interval.
Upper limit of 95% confidence interval.
f
Number of estimated parameters.
g
AIC = Deviance + 2k.
h
∆AIC = AICi – AICmin.
i
Weight of evidence.
j
Coefficient of determination.
e
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